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FOREWORD 


By 

SIR GEOFFREY DE HAVILLAND, C.B.E., F.R.Ae.S. 


/ T gives me much pleasure to write a few lines to introduce this hook. 
My acquaintance with Geoffrey Smith goes hack to the year 1906 
when we were both interested in a different kind of engine from those 
described in the following pages. I met him again during World War I 
when he was a Captain in the Royal Flying CorpSy and his duties 
were wholly concerned with aero-engines. 1 know that during all these years 
his constant interest has been in aero-engines y of the history and development 
of which he has a knowledge which few possess. These facts may not be 
known to all his readers. They will serve to lessen the surprise which 
many will feel at the publication of such a full and clear survey of the 
designs and experiments which have led up to successful gas turbine 
power units. 

New inventions or methods generally have to undergo long and pains- 
taking processes before they can be appliedy and it often happens that the man 
who has contributed most in the way of original thought has not the qualities 
which can carry forward the idea and its development to a practical stage. 
This is indeed a great and difficult gap to closcy since it requires not only the 
most intimate knowledge of the subjecty but the faithy courage and perseverance 
to interest other people — and their financial support — and hold them in spite 
of delays and disappointments. It will thus be found that in the history of 
important inventions there is usually an outstanding namey that of the man 
who has succeeded in bridging this gulf between the idea and its practical 
realisation. Bessemer in steel productiony Parsons in steam turbines and Marconi 
in wireless telegraphy are examples. By its very comprehensiveness this book 
may convey the impression of a great variety of names and nationalities being 
concerned in the development. This is undoiibtedly trucy but even in the 
absence of historical perspective y the name of Air Commodore Whittle stands 
out as having brought this invention to fruition. 

It is true to say that any fluid-borne vehicle obtains its forward thrust 
from the reaction of a quantity of the fluid projected backwards. As is well 
knowny this process is the more efficient the greater the mass of the ejected 
fluidy and the lower its velocity relative to the surrounding fluid. 

Jet propulsion has often been considered for both ships and aircrafty but 
has been rejected in the past because it could not compete with the screw 
which produces a comparatively large and massive slipstream. This problem 
is something like the gun and projectile — the gun being analogous to a mass 
of fluid going backwards and the projectile to the vehicle. If one imagines 
the loaded gun to be freely suspended in air when the charge is firedy the gun 
will go backwards and the projectile forwards. If the gun and projectile were 
of equal weighty they would have equal speeds and 50 per cent, of the energy 
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would reside in eacJt^ but if the gun is heavy y it will recoil at a lower speedy 
leaving the projectile with most of the speed and energy. It is this consideration 
which has hindered the development of jet propulsion in the past. If the jet 
issues from the aeroplane at 1,000 m.p.h.y while the aeroplane only does 
100 m.p.h. through the airy it is clear that most of the energy is going into 
the slipstream {or the guri) rather than into the aeroplane {or projectile), 

NeverthelesSy jet propulsion of aircraft has arrived. The demand for 
more and more performance forces technical development to the utmost limits. 
Under these conditions — the highest speeds at the greatest altitudes — the 
propeller begins to decline seriously in efficiency y while the propulsive power 
of a concentrated jet is rapidly improving. When the speed and height 
demanded are great enough the two systems of propulsion change their 
relative positions. It required the foresight of Whitthy in designing 
his apparatus so that the thermal characteristics of materials did not 
impose a crippling limitation on propulsive efficiency y to produce a power 
unit of a simplicity and lightness never before approached. 

Thermal efficiency can only he obtained by employing the correct air fuel 
ratio and a high operating temperature at the turbine blades. As available 
metals cannot withstand excessively high temperaturesy the turbine must be 
cooled. This is effected by substantial air-dilution of the mixturCy which 
necessarily lowers the thermal efficiency. However y in a jet system propulsive 
efficiency demands a large mass flow. In Whittle^ s system the excess air 
which lowers thermal efficiency is turned to good account by increasing 
the mass flow and thus promoting the propulsive efficiency. 

As the reader will appreciate from a perusal of this book, there are other 
ways of using the gas turbine than producing a jet. The great speeds and 
altitudes called for in the interests of efficiency with pure jet propulsion 
will not be always convenient or necessaryy while at the same time 
improvements in propeller design will extend their use to higher speeds 
than at first seemed likely. It cannot be said that the one method of 
propulsion is better ” than the other for this can only be judged when 
the results are visible in the form of completed aircraft where the greatest 
possible advantage has been taken of the properties of each. It is perhaps 
natural that the first aerial applications of the gas turbine have been by 
way of pure jet propulsion owing to its inherent simplicity and light 
weight. Now that the high-speedy light weight gas turbine has been developed 
to practical operation and jet-propelled aircraft have been successfully fiowny 
an abundance of energy y brains and ability will be devoted to advance the new 
technique. 

The younger generation is watching these possibilities with eager interest. 
In this booky and in no other y all the steps leading to the present development 
are described clearly and with a background of knowledge of the fundamental 
requirements. It would be difficult to over-estimate the value of having such 
a complete exposition of the subject at this early stage. This book will enable 
engineers and students to acquaint themselves wiih world activities in this 
new and promising field of development. 



AUTHOR’S NOTE 


I N the comparatively short space of five years, the turbine power unit 
has established itself on military types, and its employment is now being 
extended to civil aircraft. Already the modern gas turbine is available 
in units of far greater power than are obtainable with orthodox reciprocating 
engines. 

After the successful early stage of development of turbine-jet units, the 
industry is now engaged on a second phase comprising turbines driving air- 
screws, which give improved performance at take-off and at normal fiying 
altitudes. A renewed concentration on pure jet units may occur in the 
course of a few years when pressurised cabins have been perfected to enable 
regular and economical high-altitude flight, and the more complex problems 
of compressibility associated with ultra -high speed aircraft are finally 
overcome. 

The three previous editions issued during the war were mainly devoted 
to the fundamentals of jet propulsion, the importance of the metallurgical 
problems, early projects, patent reviews and notes as to the possible lines 
of development of the gas turbine then in its infancy. In the interim several 
of the possibilities discussed have been developed to a practical stage as a 
result of intensive research and development. Opinion grows that the gas 
turbine will eventually displace the reciprocating power unit on aircraft, and 
will extend its influence to other fields of engineering such as marine work, 
locomotives, and stationary power plants. 

In this, the fourth edition, a great deal of additional matter and comment 
have been introduced embracing almost every phase of modern gas turbine 
design, operation and servicing technique. Quotations from papers delivered 
by aeronautical and turbine engineers in recent months have been freely cited 
to provide a broad survey of the trend of thought and progress. 

Aircraft design progresses at a phenomenal rate. Speed, operating 
height, rate of climb, carrying capacity and range have all been improved 
beyond recognition in recent years. Always the demand of the aircraft 
designer is for a power unit of greater output with reduced frontal area 
and lighter weight. In the case of orthodox reciprocating engines, practical 
considerations limiting the size of individual engine cylinders and also the 
tip speed of airscrew blades can be circumvented by multiplying the number 
of cylinders and increasing the number of relatively small diameter airscrews, 
but such measures are liable to lead to undue cost and complication. Purely 
rotary power units would seem to be both necessary and desirable to obtain 
a substantial measure of progress, which explains the general trend toward 
the gas turbine. 

Propulsion by thermal jet reaction has proved a fascinating subject for 
study for a number of years. In collaboration with a technical assistant, 
F. C. Sheffield, whose expert and willing help is gratefully acknowledged, I 
have devoted much time to a search for information concerning the work that 
has been accomplished in this country, in Europe and in America. It was 
early in 1941 that the author discussed with Lord Brabazon, then Minister 
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of Aircraft Production, the desirability of reviewing the progress with 
turbine-jet propulsion designs, having regard to the fact that aircraft 
engineers of several countries were already carrying out experiments with 
power units bordering upon the practical stage. There was no technical book 
on the subject, but a great deal of technical material in the form of items 
had been gathered from various Continental sources. Lord Brabazon readily 
agreed and expressed the view that it would be a useful service to the British 
engineering world if the designs of this new form of prime mover were 
discussed and interest centred in further research ; but, of course, nothing 
at that time was to be revealed of British activities. 

A series of articles on the subject was commenced by the writer in 
“Flight” of August 28th, 1941, and so much interest and discussion was 
aroused that a widespread demand was met by the issue of a first edition of 
this book in the following year. The work was the first to be published 
dealing with gas turbine power units for aircraft propulsion. Both in this 
country and America successive editions have been extensively used in 
Service, educational and technical training centres. 

The official announcement on January 7th, 1944, that jet-propelled 
fighter aircraft had been adopted by the British Royal Air Force and the 
U.S. Army Air Corps, made it possible to give due credit to Britain and, 
in particular, to the pioneering work of a young officer, Frank Whittle, 
of the Royal Air Force. The world is indebted to him, now Air Commodore 
Frank Whittle, C.B.E., for the first practical solution of the problem of 
aircraft propulsion by thermal jet reaction utilising a gas turbine-compressor 
unit. His original patent was dated 1930. He spent eleven years developing 
and perfecting a scheme that had attracted but eluded engineers in many 
countries. The name Whittle will always be associated with the develop- 
ment of the lightweight gas turbine and with the jet propulsion of aircraft 
as the name Parsons is linked with the marine steam turbine. Some notes 
on Frank Whittle’s career are included in the present edition. 

Not only in the field of power units has the advent of the light, simple 
gas turbine proved epoch making. The design of aircraft to accommodate 
such power units will almost certainly be revolutionised in the course of a 
tew years, and a much closer collaboration between aircraft designer and 
power plant specialist is therefore imperative to ensure the best aerodynamic 
structures. Two outstanding problems remain to be solved: (a) The 
pressurized cabin to permit regular high altitude flight and (b) compres- 
sibility effects, and the control of boundary layer air to enable greatly 
increased operating speeds. In technical progress it would be true to say 
that turbine manufacturers are at this juncture ahead of the producers of 
aircraft structures. 

Future progress with turbines will be influenced by the success of 
metallurgists in evolving new heat-resisting materials, by chemists, physicists, 
aerodynamic and thermodynamic specialists and, particularly, by develop- 
ment engineers translating theory into practice. Axial compressors which 
appreciably reduce frontal area, improved heat exchangers and thrust 
augmentors offer great scope for advancement. 

World wide developments to date have unmistakably confirmed the 
writer’s original confidence in this new form of prime mover. 

G. S. 



CHAPTER I 


JET PROPULSION : VARIETY OF SYSTEMS : 

HOW THE GAS TURBINE WORKS 

O F the scores of new technological developments made known during the 
war, probably none captured the publie imagination more readily than 
the jet-propelled aircraft which flies without the aid of an airscrew. The 
news of its successful development was well kept. In England, where most 
of the pioneer work was done, the secret was preserved for eight years. 
Under the mutual aid agreement, full information regarding these astoimding 
aircraft and their power units was communicated to the U.S.A. authorities 
in July 1941. Not until January 1944, however, was the existence of jet- 
propelled aircraft in Britain and America disclosed to the general public. 
British fighters of the new type fitted with twin turbine units were first 
used against the German V-1 flying bombs in the summer of 1944, and were 
later employed in oj^e rat ions over Europe. 

People who on first acquaintance with discussions of the possibilities of 
jet-propelled aircraft were apt to term the notion as “ fantastic ” or 
“ futuristic ” may well be excused. Only a few years ago, when the author 
commenced a series of articles in Flight, many engineers and technicians 
were frankly sceptical of the practicability of jet propulsion. Owing to their 
training and long familiarity with the reciprocating internal combustion 
engine which has been developed to a high stage of efficiency, they were 
somewhat slow and seemingly reluctant to appreciate the enormous potential 
advantages of the new system of propulsion. The remarkable and wrell- 
establislied achievements of the orthodox airscrew-reeiprocating engine 
combination had tended to obscure two facts : — - 

(1) Self-propelled bodies in a fluid medium, aircraft in air and ships in 
water, progress by displacing a mass of the medium rearwardly. 
Basically, therefore, all aircraft are jet-propelled. 

(2) Despite its intensive development, the reciprocating engine with 
intermittent power impulses is fundamentally a retrogression from 
rotary units with continuous production of powder, such as the early 
wind and w^ater wheels. 

Furthermore, the recorded experience with thermal ducts for aircraft 
and also with the early combustion gas turbines for producing shaft horse 
power were unfavourable. The views i)ersisted that metals could not be 
evolved to withstand continuously temperatures of 550 degrees C. to 
850 degrees C., that the individual efficiencies of tlie turbine and the air 
compressor w^re low% and that in combination the high ratio of negative to 
positive work (compression to expansion) rendered it impractieable. 

It needed the inspiration of a young officer in the R.A.F., Frank 
Whittle, to realise that when emjdoyed to produce a propulsive jet for aircraft 
the lightweight combustion gas turbine became a practieal possibility. This, 
indeed, was one of the rare successful cases of “ killing two birds with one 
stone.” 

Not a New Idea 

In view of the remarkably rapid advance in aircraft performance in 
recent years the question may arise in the mind of the reader as to why, in 
different countries of the world, serious attention was suddenly devoted to 
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the subject of jet propulsion. The idea was not novel. The “ equal and 
opposite ” effect of force and reaction was in fact known to the ancients and 
embodied in a physical law by Sir Isaac Newton nearly three hundred years 
ago. It may be suggested that it was for the reason that most important 
technical advances are made, namely in an attempt to meet a need which 
could not adequately be fulfilled by existing tecliniques. Builders of aircraft 
striving for better performance at higher speeds and higher altitudes were 
handicapped in their efforts by the lack of lightweight high-powered propul- 
sion engines of small bulk, and the ability to maintain power at altitude. 
When the latest and best reciprocating engines were offered, units developing 
more than 2,000 h.p. with a spceifie fuel consumption of 0.5 Ib./b.h.p./hr. and 
weighing only approximately 1 Ib./b.h.p., the constructors demanded still 
more powerful units of less weight and reduced frontal area. In short, it 
was the problem, familiar to power engineers, of not merely forcing a quart 
into a pint pot, but of extracting a gallon out of a pint pot. 

How was this demand to be met ? The development of existing multi- 
cylinder reciprocating engines could be continued or a diversion could be 
made to seek an entirely different type of prime mover. The first method, 
however, had become excessively complicated and limited in its results. 
The alternative method, which seemed at first to present such hazards and 
difficulties, was found to be more easy and offer greater potential advantages. 
Turbine-jet units have proved far simpler to design and quicker to produce 
than the orthodox engine. From the drawing board to successful bench 
tests in about six months has already been achieved, whilst even under the 
impetus of war it required four to five years to bring a large reciprocating 
engine to the fully operational stage. 

It would seem that mechanical ilnpro^ enienls to high-powdered recipro- 
cating engines could offer gains of only a few per cent, and no major changes 
are visualised. Radical improvement in fuel may well yield improved 
output, but w^ould call for higher w^orking pressures which would probably 
lead to increased specific weight, as in tlie diesel engine. As a result of 
intensive development it is already apparent that the gas turbine is destined 
to challenge and eventually supersede the reciprocating engine for units 
of high power output. 

Multiplying Cylinders and Power 

The pre-war “ big ” engine of 1,000 h.p, has already become a “ medium- 
power ” engine, and units of apj^roximately 3,000 h.p. are now not uncommon. 
These large engines have 24, 32 and even 42 cylinders. Reasonable estimates 
of requirements in the immediate future suggest that engines of 
5,000 b.h.p. to 10,000 b.h.p. will be demanded by aircraft constructors for 
the very large aircraft now envisaged. Multi-bank radial, “ X,” flat and 
H-type units in this class are, in fact, being s(*riously investigated by engine- 
manufacturers in several countries. For an output of this order it has 
become a necessary practice to couple two or more standardised engines. 
Any substantial increase of the diameter of individual cylinders would 
involve structural and cooling difficulties. Similarly, an increase in the 
length of the piston stroke would raise inertia loads and, unless the rotational 
speed were reduced, would result in unfavourable piston speeds. Either 
would lead to an undesirable increase in the specific weight per h.p., thus 
rendering the engine less attractive for aircraft installation. 

To increase power, therefore, the tendency is to employ a larger number 
of cylinders, which means that the total energy is applied to the driving 
shaff in a series of small impulses occurring in rapid succession. A six- 
cylinder engine has three power impulses per revolution or, in other terms. 
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the firing interval is 120 degrees of crankshaft rotation. On a twenty-four 
cylinder unit of the same capacity the firing interval would be 30 degrees of 
crankshaft rotation, and there would thus be twelve smaller powci impulses 
per revolution. When this feature is considered, it is obvious that the 
running gear (pistons, connecting rods and crankshaft) and also the general 
engine structure (cylinders, heads and crankcase) can be of relatively light 
construction. It will bo seen that the greater the number of cylinders 
employed the nearer is the approach to a continuous application of energy. 
Of course, the number of cylinders cannot be increased indefinitely ; the 
cost, the complication and the number of component parts assume staggering 
proportions. Logically, however, continuous instead of intermittent power 
is the aim. When multiplying the number of cylinders ceases to offer 
practical advantage, another solution must be sought. 

To improve engine performance it has become necessary to add or 
incorporate severally multi- speed, multi-stage or exhaust turbine - driven 
superchargers ; fuel injection and water injection systems ; induction coolers 
or intcr-eoolers ; ducted radiators or fan cooling ; variable pitch, variable 
speed or contra-rotating airscrews ; and even jet exhaust systems. It will 
be noted that rotary and not reciprocating units are cm})loycd on both the 
compression side and the expansion side of tlie working cycle as superchargers 
and turbines. With so many variables and with such an aggregation of 
auxiliaiy equipment the long period lequired for design, development and 
test can be readily comprehended. The basic components, the cylinders 
and pistons, must perform four different functions in succession (induction 
compression, expansion and exhaust), and in consequence each design is 
essentiady a compromise and a successful unit cannot readily be scaled up 
or down. Some lessons may be learned and embodied in units of a different 
size, but, in general, each engine must be designed as a whole. 

Rotary Power Units 

A rotary power unit, of course, has its own peculiar problems, but does 
not suffer the limitations of the reciprocating unit. Its chief merit is a 
relative sim])lioity in design, development and production w^hicli arises 
particularly owing to each component being called upon to perform only one 
function continuously. It compresses air, burns the fuel in air, employs 
the air as a carrier of heat, converts heat into continuous rotary motion at 
the turbine in order to drive the compressor and utilises the heat escaping 
from the turbine to further expand the mass of propulsion air. Within a 
considerable range it can be directly scaled up or do^vn in size and output. 

In operation it has virtually no out-of-balance forces, and the consequent 
absence of vibration is calculated to extend the working life of the power unit 
and the aircraft and also reduce the strain on crew and passengers. It has 
no rubbing surfaces beyond a few bearings, usually of ball or roller type, 
which can be given adequate lubrication without the losses involved in 
lubricating the sliding pistons of the oithodox engine. Weight and space 
occupied will be from one-third to at most one-half of those equivalent to 
multi-cylinder reciprocating engines. 

The WTiter has examined the projects of inventors in Great Britain, 
IT.S.A., France, Sweden, Switzerland, Italy and Germany, and material in 
the extensive library of the Royal Aeronautical Society, as well as papers 
issued from time to time by the Directorates of Scientific Research and 
Technical Development at the Ministry of Aircraft Production. From the 
advanced state of these designs and the progress to date it is clear that we 
are on the eve of further important developments w ith an entirely new form 
of power unit. 
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British engineers, it is of interest to record, quite early began investiga- 
tions into the possibilities of applying jet propulsion systems to aircraft. 
It will be an inspiration and encouragement to young engineers to know 
that Frank Whittle, to whom we owe tlie successful development of turbine 
jet propulsion for aircraft, was only 22 years of age when he lodged his first 
patent in 1930. Seven years later, by dint of painstaking experiments and 
after many disappointments, his first turbine-compressor unit ran successfully 
on the test bench. 


Methods of Jet Propulsion 

It is desirable that a clear differentiation be made of the various methods 
of aircraft propulsion. As already mentioned, all function by the process 
of displacing a mass of air, the supporting medium, to the rear. In the 
case of an orthodox power unit a reciprocating engine drives a twelve-foot 
to sixteen-foot diameter airscrew which displaces a mass of air rearwardly 
at relatively low velocity. A jet unit projects a column of air about one 
foot diameter to the rear at an extremely high velocity, actually faster 
than the speed of sound. In both cases the resulting effect is to propel tlie 
aircraft in the forward direction. 

Jet propulsion units may conveniently be grouped into four main 
classes : — 

1. The liquid fuel rocket (the German Me 1C3 rocket propelled fighter). 

2. Tlie continuous thermal duct or athodyd (the Leduc projects). 

3. The intermittent impulse duct (the German V-1 flying bomb). 

4. The continuous turbine-compressor unit (the Whittle system). 

A number of subdivisions and variations can, of course, be made to these 
four main classes. 

Although rightly included as a form of jet propulsion, the rocket differs 
essentially from the other thermal jet systems and consequently is outside 
the scope of this volume. Instead of carrying only fuel and drawing oxygen 

for combustion from the atmosphere, the rocket 
must carry both fuel and the necessary com- 
burent. This is a disadvantage for travel in the 
atmosphere but, of course, makes it the only 
means at present conceivable for space travel 
beyond the atmospheric belt. It is, however, 
a true jet reaction unit and a brief examination 
of its functions serves to make clear the re- 
action principle on which all the thermal jet 
plants operate. If a hydrocarbon fuel and 
oxygen are held in a closed vessel and ignited. 
Fig. 1, the latent heat of the fuel is released, 
and there is a rapid expansion of the resulting 
gases. Owing to the fixed volume of the vessel, 
there will be a rise in pressure which will be 
uniformly distributed in every direction. As the forces are balanced there 
will be no tendency for the vessel to move. 

Next consider a similar vessel which, instead of being sealed, has at 
one end an aperture or nozzle. On ignition and combustion of the fuel the 
expanding gases will rush out of the nozzle at a high velocity. Fig. 2. The 
internal pressure at the nozzle end of the vessel is thus relieved, leaving an 
unbalanced pressure at the other end which tends to propel the vessel in the 
opposite direction to the issuing jet. Obviously it is dependent solely upon 
internal conditions, and there is no suggestion whatever of the jet 



Fig. I. Combustion in a 
closed vessel results in uni- 
formly distributed internal 
pressure but no tendency 
for the vessel to move. 
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Fig. 2. Combustion in a rocket. The un- 
balanced internal pressure tends to propel 
the vessel in the opposite direction to the 
issuing jet. 


“ pushing against ” surrounding 
external air. In fact it would 
function most efficiently in a 
complete vacuum. This is the 
basic principle upon which all 
jet plants operate. 

Turning now to the thermal 
duct, suppose a plain cylinder 
with open ends is attached 
longitudinally to an aircraft 
flying at high speed, say 350 
m.pJi. Air will enter at the 
forward end of tlie duct and 


pressure of the air being treated. 


will emerge as a jet at the rear. Nothing will be added to the force of the 
flow through th(i duct and, in fact, 

some energy will be lost owing to b. 

skin friction and disturbance of i 1 

how at the entrance and exit. — ► J — ^ ► 

If some means of adding lieat i i 

to the air as it passes through the ► _! — ► ^ ► 

duct is employed, the air will be ^ jj/ U I 

expanded and the velocity of the — ^ 
jet from the tail will be increased. 

Fig. 3 shows diagrammatically a Fig. 3. Thermal duct with heat added 
cylindrical duet heated externally externally to accelerate the air flow, 
by burning oil sprays. 

The amount of heat that can be added is largely dependent upon the 
pressure of the air being treated. A simple method of raising the pressure 

is to pass the air through a divergent 
^ — o entry nozzle as shown in Fig. 4, 

I I The effect of this shaping of the 

duct is to build up the pressure of 

^ ► ► ► the air whilst decreasing its velocity. 

— ► ► - ^ ► More heat can be added to the air 

I ^ 11^' T burning more fuel with beneficial 

— ^ —• ->—> effects upon the velocity of the 

Fig. 4. A divergent entry nozzle raises issuing jet. 

the pressure of the air and allows more A further advantage can be 

heat to be added. secured by forming the exit of the 

duct as a convergent nozzle. This 
has the opposite effect to the divergent entry nozzle and increases the 
velocity of the jet of air whilst lowering its unit pressure. Here in 
Fig. 5 is the most elementary 

type of propulsion unit. Air com- — > — »► — > — ^ 

pression dei)ends solely upon raiiF’ ‘ ^ 

effect, only a limited amount of heat ^ ^ ^ 

can be added, considerable heat ^ 1 »» 

will be lost by radiation, and the — ^ ^ 

complete unit will be of too low an • i ^ ^ ^ I 

efficiency to be of practical use for _> I ^ ^ I — > — c- — 

the propulsion of aircraft. 

Tl,e next obvious step is to f'S- 5- 
improve tl.c method of adding heat, 
and this can best be effected by 


Fig. 4. A divergent entry nozzle raises 
the pressure of the air and allows more 
heat to be added. 


Fig. 5. A convergent discharge nozzle 
increases the velocity of the issuing jet. 
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internal combustion. Fig. 6 shows a divergent-convergent duet into which 
fuel is injected and burnt so that the heat is released directly to the air 

stream. A slight further advantage is 
obtained as, instead of being lost to 
atmosphere, the products of com- 
bustion are entrained witli the air flow 
and add to tlie mass of the propulsive 
jet. It is, however, attended by an 
exorbitant fuel consuinj)lion and is 
incapable of providing initial ])ower for 
take-off. Nevertheliss sonu‘ applic.ation 
maybe found in specialised short-range* 
intercept (*r fighters using rocket-assist t d 
take-off or catapult launch. An example 
of such a simple “ continuous thermal duct ” unit, soim tinies termed 
an atliodyd,” is the Lediic design referred to on page .‘18. 

The principle, however, is sound, and has its practical applications. 
It constitutes, in fact, one of the outstanding aircraft developments of' 
recent years which materially improved the speeds of military air(*raft. 
Reference is made to the ducted radiator. T^reviously engine coolant and 
lubricating oil radiators were exposed to the slipstream and were the cause* 
of eonsiderable aerodynamic drag which lowered the performance of the 
craft. By mounting tlie radiator in a divergent -convergent duet the stream 
of cooling air is heated and accelerated to produce a jet which completely 
neutralises the internal drag of the radiator and even gives a slight propulsive 
effect. 

Reverting to propulsion units, mention must now be made of the 
“ intermittent impulse ” or explosion ” duct. Fig. 7. This secures an 



Fig. 6. Internal combustion pro- 
vides better utilisation of the fuel 
and adds the products of combustion 
to the mass of air. 


Fig. 7. The inter- 
mittent-impulse duct 
as employed on the 
German flying bomb. 




— V- -H- 


P- — 1 >. 


improved compression of the air but only by the sacrifice of the principle 
of continuous power generation. It comprises a tube fitted at tlie forward 
end with a series of non-return admission valves and fuel injection nozzles. 
As it travels through the air, pressure on the nose opens the valves and air 
is rammed into the duct to mix with the fuel and form a combustible mixture. 
As the contents are heated by the combustion of the fuel, there is a rapid 
expansion and, by appropriate projiortioning of the exit nozzle, a rise in 
pressure which serves to close the valves. The violent ejection of the gases 
creates a depression inside the duct which allows the flat spring valves to 
reopen and admit a fresh charge of air and the cycle is repeated. The 
frec[ueney of the cycle will depend upon the designed proportions of the duct 
and may be relatively high. A propulsion unit of this type fitted to the 
German V-1 flying bomb had a frequency of about 2,800 cycles per minute. 

Mechanical Air Compression 

In order to bring the jet propulsion unit to a stage where it had any 
prospects of competing with the orthodox reciprocating type internal 
combustion engine it became necessary to mechanise the compression of 
the air. Reciprocating compressors have been suggested, but as the unit 
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requires vast quantities of air and bums fuel continuously, the most 
appropriate mechanism to achieve the desired purpose is a rotary 
compressor. Both radial and axial flow types have been and are being 
employed for this purpose. 

This brings more complication in its train as, of course, mechanical 
energy is required to drive the compressor. An obvious means was available 



Fig. 8. Me- 
chanical com- 
pression of the 
air by means of a 
conventional 
reciprocating 
engine, as in the 
Italian Campini 
system. 


m the highly developed reciprocating type aircraft engine. Fig. 8 shows 
a plant having an air-cooled radial engine driving a centrifugal compressor 
and subsequently heating the air by a ring of fuel sprays. This is the 
principle of the Campini system, see page 48. 

The next step is to eliminate the anomalous reciprocating engine and 
substitute a simple rotary power unit. A combustion gas turbine is mounted 
on a common shaft with the compressor and proportioned to extract merely 
suflicient energy from the issuing gas stream to furnish the necessary power 


Fig. 9. Me- 
chanical com- 
pression of the 
air by a gas tur- 
bine which is the 
basis of the 
Whittle system. 



to drive the compressor and ensure continuous operation. Fig. 9 shows 
diagrammatically this turbinc-compressor combination, the Whittle system, 
which is at present being employed in the air. 

A Comparison with four~stroke Engines 

Tlic reader is probably accpiaintcd witli the orthodox, four-stroke, 
reciprocating engine fitted to motor cars, and with its cycle of operations — 
induction, compression, expansion and exhaust. However, for those who 
arc not fully familiar with these operations, a brief description is included. 
All four of the above functions take place in regular sequence in each cylinder 
of the engine. Tlie piston descends and the mixture of air and petrol enters 
the cylinder rza the opened inlet valve ; the inlet valve closes and the piston 
ascends to compress the mixture ready for ignition by an electric spark. 
The expansion resulting from combustion forces the piston downwards, 
and this is the sole power stroke. Finally the piston once more ascends to 
expel the burnt gases via the exhaust valve. In an engine operating at a 
crankshaft speed of 3,000 r.p.m. each stroke is completed in 1/100 second 
and a complete cycle of operations in 1 /25 second. Owing to the reciprocating 
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motion the piston must be accelerated, decelerated and its direction of motion 
reversed 6,000 times per minute. As the power stroke occurs only once in 
every two revolutions of the crankshaft, the working energy is applied to 
the shaft intermittently. The frequency in a particular engine depends, of 
course, upon the number of cylinders. 

In Fig. 10 is a series of sketches showing a complete cycle of four strokes 
and immediately above is a sectional diagram of a gas turbine with a multi- 
stage axial compressor and a single-stage turbine. The positions of the two 
diagrams have been arranged in order to show their corresponding functions 


J AIR INTAKE 

I COMPRESSOR 

COMBUSTION 

TURBINE & ! 

1 DUCT 


CHAMBERS 

JET NOZZLE 1 

1 1st 

1 2rd 

Continuous 

1st & 2nd 1 

1 Compression 

i Compression 

Combustion 

Expansion 1 



Fig. 10. A comparison of rotating and reciprocating power units. In the lower 
series of diagrams the four intermittent strokes of an orthodox reciprocating 
engine are approximately aligned with the four continuous functions of a turbine- 

jet unit. 


in relation. In e()m])aring tlie action of the two types of engines it is im- 
portant to aj)])reeiate tliat the turbine j)roduees j)ower eontinuously, that is, 
there are no intermittent explosions as in a reciprocating engine. 

How the Gas Turbine Works 

A gas turbine unit consists of three essential eornponents, (1) a rotary 
air compressor at the front, (2) a series of combustion chambers into wliieti 
kerosene is sprayed and burnt eontinuously, and (3) a turbine revolving 
with the compressor on a common shaft. There ar(‘ no pistons, valves or 
ignition apparatus save for two igniter jdugs to attain a start. Initially 
an electric starter motor sj)ins the main shaft at about one-eighth speed. 
Starting operations are automatically controlled by a time switch. The 
pilot opens a fuel cock, dcpress(‘s a button, and in about half a minute the 



JET PROPULSION 


19 


unit is running at idling speed. No ‘‘warming-up ” period is necessary as 
bearings are few, there are no metal-to-mctal sliding surfaces, and con- 
sequently only a simple lubrication system. After combustion of fuel is 
initiated in one of the two chambers tittod with igniter plugs, the flame is 
propagated to all the other chambers through interconnecting pipes. 

On the ground air is induced at the front by the action of the rotating 
compressor, forced by the same compressor into the combustion chambers 
at a ratio of about 4 to 1 and into this compressed air, aviation kerosene is 
pumped at a pressure of about 750 lb. sq. in. and burnt continuously, some- 
what in the manner of a plumber’s blowlamp. In flight the work of com- 
pressing the air is greatly assisted by the forward motion of the aircraft. 
Air is rammed ” into the intake duet and at speeds over 300 m.p.h. the 
effect is of such magnitude that the thrust curve ceases to fall and commences 
to rise. Increasing altitude and consequent lower air temperature also 
improves the ellieiency of the compression system. 

Only a small (|uantity of air is used for combustion to provide the 
necessary air/fuel ratio of about 14 : 1. The major portion — the so-called 
dilution ” air in distinction to the combustion ” air — lowers the air/fuel 
ratio to ab(mt 60 : 1 and reduces the combustion temperature of, say, 1,800 
deg. C\ to about 850 deg. C. at the entry to the turbine. The tremendous 
heat released by tlie combustion of the fuel expands the air but as the chambers 
have an o})en end, in contrast to tlie closed cylinder of a piston engine, there 
is no rise in pressure. Actually there is a slight fall in pressure, say 2 or 3 
11). /sq. in., from the entry to the outlet of the chambers. 

By reason of the rai)id expansion, the heated air and combustion 
products at increased velocity force their way through the only exit from the 
chambers, namely, between the guide vanes in the stator ring of the turbine. 
These vanes direct the How to the appropriate angle of attack for the blades 
on the periphery of the turbine wheel. The rapid passage of the heated 
mixture through the airfoil -shaped blades (about 50 of them) causes the wheel 
to rotate raj)i(ily — from 8,000 to 10,0(M) r.p.m., for example, at full speed. 
In tills manner mechanical energy is created at the shaft, and the compressor 
fixed to the front end of the shaft is made to do its work in compressing more 
air into the combustion chambers and the process goes on so long as fuel is 
introduced. As in the orthodox engine, less fuel is required as altitude is 
increased and a barometric device is fitted to regulate automatically the supply 
injected into the combustion chambers. Tlie usual fuel is kerosene but 
[letrol or diesel oil can be eiiqiloyed. Calorific value is the prime fuel char- 
acteristic and the specific calorific value per gallon is of more importance 
than the value per lb. as weight can be more readily accommodated in high 
speed aircraft than bulk. 

In a pure jet unit all the power delivered by the turbine is expended in 
driving the air com])ressor and the necessary auxiliary equipment. To 
drive the compressor approximately 100 li.p. is required for each lb. of air 
delivered per second. A jiound of air per second gives about 50 lb. thrust, 
therefore the turbine of a unit developing 2,000 lb. thrust must deliver about 
4,000 h.p. From the rear of the turbine the heated air, still expanding, 
emerges from the tail nozzle as a high-velocity jet, say, 1,800ft. per second, 
or 1,227 m.p.h. The temperature at the outlet is down to about 300 deg. C., 
compared with 61)0 deg. C. maximum as it enters the jet pipe. Specific 
pressure is relatively low, being only from one and a half to twice that of 
atmosphere. 

A summarised list of the potential advantages of turbine propulsion 
units as compared with orthodox reciprocating engine installations is given 
on tlie following page. 
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ADVANTAGES OF TURBINE UNITS COMPARED TO PISTON ENGINES 

(1) Development time is much reduced. A turbine unit can be designed, built 
and brought to the stage of practical operation in a quarter of the time 
usually necessary for a piston engine. 

(2) Production is simpler and speedier. A turbine unit has only about one- 
third the number of parts required for a comparable piston engine. 

(3) As turbine components each perform one specific function, a proved 
turbine unit can be readily scaled up or down to meet power requirements. 

(4) Turbine units can be constructed to produce much higher power outputs. 
Practical considerations limit the increase in output of piston engines 
without adversely affecting the power /weight ratio. 

(5) They are less critical regarding fuel. High calorific value not anti-knock 
rating is the criterion. Paraffin is the usual fuel but petrol, diesel oil 
or the so-called “ safety ” fuels may be employed. 

(6) Power is produced continuously instead of intermittently. Consequently 
working pressures are low and the structure, casings and ducting are of 
light section and weight. 

(7) By the exclusive use of rotating components, vibration is virtually 
eliminated. Weight can therefore be saved on the airframe. 

(8) Absence of reciprocating parts enables higher operating speeds to be em- 
ployed. Frontal area and space occupied are reduced and power/weight 
ratio is improved. A turbine- jet unit is about one- third the weight of a 
comparable piston engine. 

(9) As there is no sliding friction (pistons in cylinders) and no heavily loaded 
bearings, lubrication is greatly simplified. 

(10) A turbine unit is self-cooled by the air flow. It requires no radiators or 
projecting air scoops. 

(11) They are easy to install and remove from the airframe and simple to 
service. Some units can be removed in less than half an hour. 

(12) Auxiliary components, instruments and controls are all reduced in number. 
Less attention is required from the pilot. 

(13) A turbine requires no preliminary warming-up. It will develop full power 
for take-off in two or three minutes. 

(14) A turbine unit operates more efficiently at high altitude and consequent 
low temperature than at sea level. It needs no complicated supercharging 
system to maintain power at altitude. 

(15) The higher the aircraft speed the more efficiently the turbine unit functions 
due to the influence of ram pressure. 

(16) Size, shape and weight of a turbine unit facilitates complete enclosure in 
the fuselage or wing, conducing to better form of airframe and reduced 
drag. This feature will assist the development of all-wing and tailless 
types of aircraft. 

(17) By suitable proportioning of the components the main compressor system 
could be arranged to supply air to charge a pressure cabin, to warm arma- 
ment enclosures or to prevent icing of control surfaces. 

(18) As such a large volume of air is continuously flowing through the turbine 
unit, it offers the possibility of effective boundary layer control over rela- 
tively large areas of the wings or control surfaces. 

(19) The absence of an airscrew on turbine-jet units permits the use of a rela- 
tively light and low undercarriage. On flying boats increased clearance 
reduces one hazard. 

(20) For military aircraft, turbine-jet units permit better location and an 
unrestricted field of vision for the pilot and do not obstruct forward 
armament. 

(21) Vibrationless running, absence of mechanical noise and greatly reduced 
exhaust noise make turbine units particularly suitable for civil aircraft. 



CHAPTER II 


THRUST AND PERFORMANCE 

T hrust is an applied force tending to produce motion in a body or to alter 
the motion of ti body. Horsepower is a measure of energy expended 
in a given period of time. The mechanical energy delivered by a piston 
engine or a gas turbine can be measured in terms of horsepower on the test 
bed by a water brake, an electric dynamometer or a torquemeter. This, 
however, is merely an expression of the energy available and is no criterion 
of their individual or comparative effect in propelling the aircraft. It is 
necessary to know the method by which the power will be applied and the 
efficiencies of the respective propulsion systems employed. 

Whether using an airscrew or a jet the aircraft obtains its forward 
propulsion by reason of a mass of air being accelerated rearwards. Relatively, 
in the case of the airscrew a larger mass of air is projected rearwards at a 
lower speed, whilst with the jet a smaller mass is accelerated to a higher 
velocity, see Fig. 11. Thrust is the ‘‘equal and opposite’' reaction to the 




Fig. 1 1. Both conventional and jet aircraft are propelled by reaction of a mass of 
air projected rearwards. 

force producing this change of momentum which exerts a forward “ push ” 
oil the aircraft. The term “ push " is used deliberately for even a tractor 
airscrew pushes against a thrust collar in the engine nose in a similar manner 
to a horse which pushes against the collar of the harness when it is commonly 
described as “ pulling ” a earl. 

The thrust horsepower THP of a piston engine-airscrew propulsion 
unit is the shaft horsepower SHP of the engine multiplied by the efficiency 
of the airscrew, say 80 per cent, at sea level and 400 m.p.h. On a turbine- 
airscrew unit energy is divided between the airscrew and the jet, so the 
available SUP of the turbine after driving the compressor must be multiplied 
by the airscrew efficiency and an addition must be made for the thrust of the 
jet. The whole of the power developed by the turbine of a pure jet propulsion 
unit is absorbed in driving the compressor and all thrust is obtained from the 
jet. 

It is only possible to compare directly the propulsive effect of the different 
types of unit in terms of thrust. The efficiencies of different types under 
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varying conditions of operation, however, do not follow similar curves. It 
follows that a direct comparison can only be made in terms of thrust under 
identical operating conditions. This involves such variables as aircraft 
speed, altitude, atmospheric conditions, temperature, airscrew eilieieney, 
jet eiliciency and aircraft drag. Certain of these factors are of such importance 
that they must not be regarded merely as modifying or auxiliary inlluences 
but as first order effects. 

It would, for example, be unrealistic to ignore the effects of forward 
speed and altitude on the functions of a jet unit. Similarly, though for 
different reasons and to different effect, it would be unrealistic to disregard 
them in connection with a conventional piston engine-airserew unit for 
aircraft propulsion. This, however, does not preclude or invalidate investi- 
gation of the piston engine under static, sea level, test-bed, laboratory or even 
hypothetical conditions. 

A brief examination of some basic features of a jet propulsion unit, 
whilst unrepresentative of actual performance, will be of interest. First, 
it is desirable to ascertain what energy is available in a specific plant and 
resort is made to the standard formula to determine a force : — 

F M X A 

in which F is the force, M the air mass and A the acceleration. Acceleration 
demotes not merely a change of velocity but the rate of change of velocity. 
It is necessary, therefore, to introduce the factory— 82.2 feet per second, which 
is the rate a freely falling body accelerates under the influence of gravity. 

On a jet-propelled aircraft the air mass M enters the unit at an intake 
velocity IV ecpial to the forward speed of the aircraft and is accelerated to the 
jet velocity JV at which it is discharged. The change of velocity CV effected 
in the power unit is, of course, the difference between IV and JV velocities. 
To obtain thrust T the standard formula can now be ex])ressed : — 

.p ^ >- ^ V 

ft 

By way of example, in a unit liandling an air mass M of (>() lb. /sec. and having 
a jet velocity, relative to the aircraft, of 1,700 ft./se(‘. (1,200 m.p.h.) the 
static thrust will be : — (*0 y X700 

T ^ - - fl,280 lb. 


Assuming a constant jet velocity, the thrust of the unit will vary according 
to the chanire of air veloeitv CV or in other words aecordinn to the forward 
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Fig. 12. Thrust tends to fall with 
increased aircraft speed but soon rises 
under influence of ram pressure. 


speed of the aircraft. Obviously, 
tlirust is highest when the air- 
craft is stationary and there is 
maximum acceleration of the air 
mass, whilst if it were j)ossible 
for the aircraft s])eed, and con- 
secpiently the intake velocity IV, 
to equal the jet velocity JV, there 
would be no tlirust whatever. This 
would suggest that thrust falls 
directly with increase of aircraft 
speed, as indicated in the dotted 
curve, Fig. 12. In jiractice, how- 
ever, thrust will fall until the 
aircraft speed reaches 800-850 
m.p.h. Thereafter, increased speed 
operates to advantage due to ram 
pressure rise in the intake duct of 
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the compressor. Thrust will rise to regain its static maximum at about 
650-700 m.p.h., as shown in the full curve Fig. 12. Thrust will continue 
to rise until the aircraft reaches at least sonic velocity. Beyond that 
the rate of increase of thrust may be expected to lessen as a result of 
shock losses in the intake duct and compressor entry. The vital impor- 
tance of ram pressure will thus be appreciated. 


Thrust Horsepower 

Thrust T, at any particular aircraft speed, may be converted to thrust 
horsepower THP by multiplying the thrust by the speed of the aircraft and 
dividing by the appropriate factor to obtain standard horsepower units of 
113,000 ft.-lb./inin. or .550 ft.-lb./see. If thrust is expressed in lb. and aircraft 
speed in ft ./see. the product is ft.-lb./sec. and the formula is : — 

THP=^Aiy 

550 

An alternative would be to obtain mile-lb./lir. by multiplying thrust in lb. 
by the aircraft speed in m.p.h. when the formula would be expressed : — 

When the aircraft is stationary no energy is expended on propulsion 
and sliould the aircraft travel at the same speed as the jet velocity JV again 
no propulsive work is done. If thrust horsepower THP is calculated from 
the dotted tlirust curve* of Fig. 12 it will be found to rise from zero when the 
aircraft is stationary, to a maxinmm when tl\e aireraft speed is half the jet 
velocity, and tlien fall at a similar rate as the aircraft speed is increased to 
that of the jet velocity. This is 
plotted in Fig. 13 in dotted line 
togetlier with a more realistic 
THP curve calculated from the full 
line thrust curve of Fig. 12. The 
specific rate of fuel consumption, 
lb. fuel per lb. thrust per liour 
(Ib./lb./hr.) rises Mith increasing 
aircraft speed but if calculated on a 
basis of thrust horsepower (lb./ 

TTIP/hr.) it falls with increasing 
aircraft speed. 

Propulsive Efficiency 

Again assuming a constant jet 
velocity, it will be found that llie 
])ropulsi\e ellieieney of the jet 
directly depends upon the ratio R 
of the jet velocity to the forward speed of the aircraft. Obviously, it is 
zero when the aircraft is stationary and 100 per cent, when the aircraft 
speed is the same as the jet velocity. Knowing the jet velocity, the 
clliciency at any aircraft speed can be determined by ; — 
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Fig. 13. Thrust horsepower rises as air- 
craft speed is increased. 


+ 1 

and the complete range is plotted in Fig. 14. This shows a remarkable 
contrast to the characteristic curve of airscrew efficiency which falls from 
about 80 per cent, at 400 m.p.h. to 70 per cent, at 500 m.p.h. and 50 per 
cent, at 600 m.p.h. Thus, at speeds above 500 m.p.h. the jet becomes 
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the more efficient means of propulsion. High speed is doubly advan- 
tageous to the jet propulsion unit as it improves ram pressure and increases 

the propulsive efficiency. 

E^ect of Altitude 

Altitude has a number of con- 
flicting influences on the com- 
ponent efficiencies of aircraft pro- 
pulsion units. The reduction of air 
temperature with increasing altitude 
improves compressor eliiciency, or 
in other words less mechanical 
energy is required to obtain a 
specific compressor output. Of 
course, the higher tlie speed the 
greater the temperature rise as the 
air in the duct leading to the com- 
pressor is accelerated to aircraft 
speed. At 500 m.p.h. this may 
produce a rise of 25 deg. C., but if 
the aircraft is flying at , say, 30,000 
feet the atmospheric fall will be 
about GO deg. C. yielding a net drop of 35 deg. C. 

Output will fall due to the reduced density of the air and this tends to 
reduce the power delivered by the turbine. Conversely, owing to lowered 
temperature and pressure behind the tiirbim*, there is a better expansion 
ratio through the turbine which increases its efficiency. If the rate of fuel 
supply was maintained, gas temperature at the turbine nozzle would rise, 
the turbine would accel(‘rate and the jet velocity would be increased. In 
practice, a device sensitive to barometric pressure reduces the fuel delivery 
as altitude is increased to maintain a constant turbine speed of rotation at 
the desired operational rating ; cruise, climb or combat. 

Of course, turbine output can be increased by raising the gas temperature 
at the turbine nozzle and, within the capacity of the turbine metals, this 
expedient can be employed on a turbine-airscrew unit. Unless aircraft 
speed can be increased to maintain the jet veloeity/aircraft speed ratio, 
however, it is liable to be disadvantageous on a turbine-jet unit as a higher 
jet velocity means a lower propulsive efficiency as too much of the energy 
would be going into the slip stream. 

It has been shown that whilst the effieiencies of the piston engine and 
the airscrew decrease with higher speeds and altitudes the turbine-jet enhances 
its efficiency. There remains an aerodynamic factor adversely affecting 
airscrew propulsion. At high altitudes and con^cfiuent low temperatures, sonic 
velocity is reduced and thus problems of compressibility will arise at lower 
aircraft speeds. From about 750 m.p.h. at sea l(*vel, sonic velocity falls to 
about G50 m.p.h. at 36,000 ft. At speeds approaching the critical Mach 
number of the aircraft there will be a steep increase in drag with cither air- 
screw or jet systems. On an airscrew, however, a further complication 
arises. As the linear air speed of the airscrew blade tips is a combination of 
rotational and forward speeds, compressibility burble at the blade tip, which 
will drastically reduce the airscrew efficiency, is likely to occur. 

Comparison with Steam Turbines 

A gas turbine resembles a reaction type, non-condensing steam turbine, 
in that a fluid medium under heat and pressure is expanded through stationary 
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Fig. 14. Propulsive efficiency rises as the 
ratio of jet velocity to aircraft speed is 
reduced. 
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and rotating blades to produce mechanical energy. In a gas turbine there 
are smaller pressure and temperature differences but the velocity of the 
medium is many times greater, which explains why the rotor blades of a gas 
turbine are of aerofoil shape as compared to the crescent moon shape of 
steam turbine blades. 



Fig. 15. Diagram of steam turbine Fig. 16. Rotor and stator blades of 

with solid nozzle ring and crescent a gas turbine are of aerofoil shape, 

shaped rotor and stator blades. Nozzle passages are defined by 

guide vanes. 

Several times more air passes through the system than is necessary for 
eomplete combustion of the fuel, the excess air being utilized to dilute the 
combustion products and keep the temperature at the turbine entry down 
to working limits. With tlie open cycle turbine, inlet pressures arc of the 
order of 00 lb./s([. in. abs. (45 Ib./sq. in. gauge). At such a relatively low 
pressure gas volume must be large, and therefore large capacity ducts and 
large blade dimensions are called for. High temperatures are imperative 
for ellieieney but a limit is imposed by the ability of the materials of the 
turbine to withstand the heat in operation. It must be appreciated that 
high performance without long working life is unacceptable save in special 
types of military aircraft. 

Apart from the actual combustion zone the highest temperature occurs 
at tlie turbine inlet, say 800 deg. C., so that in the ease of a multi-stage 
turbine only tlie initial row of blading operates under maximum temperature- 
conditions. Since the gas is cooled by performing mechanical work at each 
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Fig. 17. Showing variations of temperature, pressure and velocity of the gas flow 
through a de Havilland turbine-jet unit. The sketch is purely diagrammatic and all 
figures are reasonable approximations. 


stage, it may emerge at half the original temperature in a four-stage unit. 
With a single turbine wheel, the temperature of the jet stream at the nozzle 
exit would be much higher, say 650 deg. C. 

At the eost of some loss of simplieity the efiicieney of a gas turbine unit 
ean be improved by the use of intereoolers between compressor stages, heat 
exchangers to preheat combustion air or regenerators to reheat the gas 
between turbine stages. Some improvement in performance can be obtained 
by “ after burning.” On this system additional fuel, from atomisers located 
to the rear of the turbine, is burnt to increase the expansion rate through 
the final jet nozzle. An increase of thrust up to 50 per cent, has been claimed. 
As the fuel is burnt under conditions of low pressure and the efteet is to 
increase jet velocity, and consequently lower ])ro])ulsive efiicieney, it is 
relatively uneconomical. Its application will probably be confined to short 
period operation at take-off and in emergency. A further opportunity of 



Fig. 18. This diagrammatic section shows the flow path of the Metro-Vick F2/3 
turbine-jet unit with ducted fan augmentor. 


thrust “ augmentation ” is provided by the ducted fan or tunnelled airscrew. 
Taking energy respectively from the gas stream leaving the turbine or from 
the turbine shaft such systems supply an additional mass fiow^ of air at a 
low^er velocity to supplement the main jet. In Fig. 18 is showm the ducted 
fan of the Metropolitan Vickers F2/3 unit and the subject of thrust aug- 
mentors is dealt with in more detail in Chap. XII. 
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Component Efficiencies 


In 1939 a paper was read by Dr. Adolf Meyer on The Combustion Gas 
Turbine ” before the Institution of Mechanical Engineers. During the dis- 
cussion wliich followed, F. Whittle (at that time Squadron Leader of the 
R.A.F.) made a notable contribution to the subject. 

So far little had been said about the gas turbine in relation to aircraft, 
which he regarded as a most hopeful field for it, for, as the gas turbine was 
taken up into the air the reduced atmospheric temperature made possible 
very much higher efficiencies than could be obtained on the ground. Using 
a simple formula for the thermodynamic efficiency of a gas turbine, and 
the usual symbols, 

Overall efficiency = — — x air standard efficiency 

iv — 1 

where K was the ratio of positive to negative work in the ideal cycle and 
was therefore equivalent to the ratio of maximum temperature to com- 
pression temperature in the ideal cycle ; was the turbine efficiency, and 
the compressor efficiency. This formula was slightly defective because it 
made no allowance for tlie fuel saved due to the heating effect of the losses 
in the compressor, neither did it allow for (a) variable specific heat, or (b) the 
fact that the mass flow through the turbine was greater than the mass flow 
through the compressor by the amount of the liquid fuel injected into the 
combustion chamber. Otherwise, however, it gave a close approximation 
to the overall efficiency of the gas turbine. 

The formula could be re-written 


__ ~ 


air standard efficiency 


in which the relative importance of turbine and compressor efficiencies 
was more clearly shown, and it could be seen that for a given value of the 
product y^yf. the overall efficiency was inversely proportional to the com- 
pressor efficiency. 

As an example, assuming a turbine efficiency of 80 per cent, and com- 
pressor efficiency of 80 per cent, adiabatic, yeVt — With a compression 

ratio of 6.35 and a maximum combustion temperature of 1,100 deg. C abs., 
the overall efficiency worked out at 19.6T per cent. ; whereas with a turbine 
efficiency of 90 per cent, and compressor efficiency of 70 per cent, the overall 
efficiency was 22.8 per cent, for the same compression ratio and maximum 
temperature. Thus, though y^y^ was smaller, the overall efficiency was 
greater. In the calculations, allowance was made for the heating effect 
of the compressor losses. Of course the machine with the lower compressor 
efficiency would require either more stages in the compressor, or higher 
blade speed to obtain the same pressure ratio. He therefore agreed with 
the implication that the turbine efficiency was relatively much more 
important than the compressor efficiency. 

The temperature of the international standard atmosphere decreased 
by 2 deg. C. for every 1,000 feet of height and therefore for a given maximum 
temperature and a given compressor speed (i.e. a given adiabatic temperature 
rise of compression) both the air standard efficiency and the ratio K of 
positive to negative work would increase owing to the lower initial air 
temperature. 

For example, with a turbine efficiency of 85 per cent, and compressor* 
efficiency of 70 per cent., a maximum temperature of 1,100 deg. C. abs., and an 
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adiabatic temperature rise in the compressor of 200 deg. C., the comparative 
figures between sea level and 35,000 feet were : — 



K 

TIIEIIMO- 
DYNAMIC 
EFFICIENCY, 
per cent. 

AIR 

STANDARD 
EFFICIENCY, 
per cent. 

OVERALL 
EFFICIENCY, 
per cent. 

B.H.P. 

PER LB. 

OF AIR 
per sec. 

Ground level... 

2.258 

45 

41 

18.45 

50.3 

35,000 feet ... 

2.G30 

56.5 

47.85 

27 

08.5 


Thus there was an increase of 46 per cent, in the overall efTiciency, and 
of 66 per cent, in the power per pound of air per second, on rising from the 
ground to the stratosphere. Of course the total power fell off, due to the 
much reduced air density, but so also did the power required for a given 
flying speed. The overall efficiency of an internal combustion engine, on 
the other hand, fell off to such an extent that an unsupercharged engine 
would scarcely be able to turn itself round against its own mechanical losses 
at heights of the order of 40,000 feet. At 35,000 feet, i.e. the beginning 
of the stratosphere, the air temperature was about 218 deg. C. abs. 

The big flying boat had reached a point where it was limited in develop- 
ment by its power plant ; at present no suitable engine would produce more 
than 2,000 h.p. in one unit, although power units with an output of 
5,000-10,000 h.p. were needed. Moreover, there were, as was well known, 
strong arguments in favour of flying at very great heights. The combination 
of these two factors resulted in a demand in the aeronautical world for 
efficient gas turbines. 

Some speakers appeared to be pessimistic about turbine efficiencies, 
and the figure of 85 per cent, had been discussed. He had never been able to 
find a satisfactory reason why efficiencies should not be higher than that. 
If the methods of the aeronautical engineer were applied to turbine design, 
he could see no fimdamental reason why turbine efficiency should be below 
94 per cent., taking account of the boundary layer theory and other factors. 

Air Commodore Whittle’s Current Viev^s 

In response to an invitation by the author to contribute to this fourth 
edition a note on the j)rcscnt stage of development and future prospects of 
gas turbines, Air Commodore F. Whittle, whose basic patents are 

embodied in many types of gas turbines in use today, kindly expressed the 
following views : 

1 . The aireraft gas turbine lias undoubtedly come to stay. In the space of 
a few years I expect to see it displace the reciprocating engine in all 
aircraft except possibly the light types. I make the reservation about light 
aircraft because at present it seems more difficult to design for lower powers 
than for much higher powers than we use at present, but it is possible that the 
gas turbine will invade the light aircraft field also. 

2 . For very high speeds and moderate range the turbo-jet is the appropriate 
application but for lower speeds and long range the gas turbine driving a 
propeller will be used. Personally I think there is a strong case for the use 
of a gas turbine driving a ducted fan for moderate speeds. Although no 
strong claims can be made for it on the basis of fuel consumption, it has 
important advantages in respect of noise reduction and absence of vibration 
when compared with a turbine-airscrew combination. Further, for civil 
aircraft the elimination of visible “ whirling lumps ” is a not inconsiderable 
psychological factor in its favour. 
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3 . The speed possibilities inherent in gas turbines have been clearly shown 
by the establishment of the World’s Air Speed Record at over 600 m.p.h. 
Much higher speeds will undoubtedly be achieved in the fairly near future. 
There is no speed limit imposed by the power plant. In fact, the higher the 
speed the greater the efficiency and power. The attainment of higher speeds 
therefore depends more upon the aircraft designer than on the turbine designer, 
though power plant developments will naturally play their part. I do not 
think that we shall have to wait very long before aerodynamic developments 
make possible the attainment of supersonic speeds. 

4. If long range is to be combined with high speed, flight at great heights 
will be necessary, and hence the development of the pressure cabin is of 
great importance. In the not very distant future I expect to see passenger 
aircraft covering long distances at speeds of approximately 500 m.p.h. at 
altitudes of the order of 40,000 ft., as a result of the parallel development of 
the gas turbine, the aircraft, the pressure cabin, and radio and radar aids 
to navigation. 

5 . The advent of the aircraft gas turbine makes necessary some important 
changes of outlook on the part of the designers. Hitherto it has been the 
practice to develop engines and aircraft virtually independently of each other, 
but this procedure will not do if we are to get the best out of gas turbine 
powered aircraft. The performance of the turbine is very dependent upon 
its installation in the aeroplane and the installation has a very large influence 
on aircraft drag characteristics. It follows that power plant and airframe 
must each be “ tailor-made ” to suit the other. The short development time 
required for gas turbines should make this procedure easy to follow, more 
especially as the nature of the engine is such that any successful basic design 
can be scaled up or down without introducing a host of fresh development 
troubles. This indeed is a very valuable characteristic. 

6 . We are as yet only at the beginning of this field of engineering and immense 
possibilities lie before us. The variations possible with a reciprocating 
engine are limited by the fact that the processes of compression, combustion 
and expansion take place in the same organ — the cylinder. In the gas turbine 
these processes take place in separate components. We can perform the 
compression process w'ith axial flow compressors, centrifugal compressors, or 
combinations of these. The combustion chamber can take one of several 
forms, and there are a large number of variations possible in the turbine. 
There are many ways in which the major component units can be arranged in 
combination, and in addition there are the possibilities involved in the use of 
ducted fans, heat exchangers, after-burning, and other developments. 

7 . l"p to the present two clear lines of development have been apparent 
in aircraft gas turbines, characterised by the use of either centrifugal 
compressor or the axial flow compressor. I am frequently asked whether 
one or the other will be ultimately dominant. My view is that there is a 
held for both, and that there will be many types in which both wil Ibe used 
in combination. 

8. Much has been said about the high fuel consumption of turbo-jet units. 
It is true that they use a lot of fuel, but that is because they develop a 
lot of power. In fact, at speeds of the order of 600 m.p.h. the fuel consumption 
in proportion to effective thrust horse-power is less than it would be for the 
piston engine and propeller combination at that speed. It is true, however, 
that at much lower speeds the turbo-jet unit compares very unfavourably 
with the conventional power plant in respect of fuel consumption, but the 
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gas turbine/propeller combination does not suffer from this disadvantage 
to anything like the same extent. In whatever form the gas turbine is used 
the very low power plant weight is an important compensating factor. Very 
low fuel consumptions can be shown for complex engines, i.e., combinations 
of reciprocating engines and turbines, but though I have been amongst those 
who have proposed such schemes I am doubtful whether the low fuel consump- 
tion is a sufficient compensation for the increased weight, complexity, long 
development time, and difficulty of installation, etc., except possibly for 
certain very specialized purposes. 

9 . At present Britain leads the world in the field of the aircraft gas turbine, 
but hard work will be necessary to maintain this lead. As a nation we 
must not be parsimonious in our expenditure on research and development 
nor on engineering training. Investment in both of these directions can 
produce very handsome dividends in the future. 

10. In recent months there has been ample evidence of intense interest 
in jet propulsion and the aircraft gas turbine. I liave no doubt tliat 
much of this interest has been aroused by the earlier editions of this book 
and Mr. Geoffrey Smith’s writings in Flight and elsewhere. The first edition 
appeared in 1942, and though it was of necessity severely limited by con- 
siderations of security it served a most useful purj)ose. Since then two 
further editions appeared under wartime conditions, and though corre- 
spondingly handieaj)ped have been eagerly snapped up. The recent releases 
of hitherto secret developments and the great demand for information on 
the subject have already made necessary a fourth edition, io which it is a 
pleasure for me to contribute this note. 



CHAPTER III. 


EARLY PROJECTS : ATHODYDS AND THRUST 
AUGMENTERS 

S UPPoaxiNO the contention of the old adage, “ There is nothing new under 
the sun,*’ jet reaction, jet propulsion and the turbine may be cited as some 
of the earliest mechanical ideas. Class-room students will recall the aeolipile 
demonstrated by Hero, the Alexandrian philosopher, at about the commence- 
ment of the Christian era. This apparatus consisted of a hollow sphere 
mounted to rotate between two pillars, one of which, being hollow, served 
to transmit steam from a closed vessel supported over a fire. Two pipes with 
right-angle ejecting nozzles were affixed to the sphere on opposite sides and 
the reaction created by the escape of the jets of 
steam caused the sphere to revolve. 

Sir Isaac Newton, the Lincolnshire scientist, as 
long ago as 1G87, had recognised the possibilities of 
jet propulsion by the formulation of his third law of 
motion that action and re-action are equal in 
magnitude and opposite in direction, but he did 
not originate the experiment illustrated by Fig. 20. 

Newton’s philosophy in “ I^rincipia ” was the subject 
of a later work by Gravesande entitled “ Natural 
Philosophy,” whieh had for its sub-title “ An Intro- 
duction to Sir Isaac Newton’s Philosophy.” A 
contrivance of the nature depicted was therein 
mentioned as an illustration of Newton’s law but 
not as having been devised by him. As a result 
many textbooks whieh followed contained pictures of 
a carriage propelled by jet reaction loosely captioned 
“ Newton’s steam carriage.” It showed a four- 
wheeled vehicle with a spherical boiler, mounted over 
a fire, the top of the boiler having a rearwardly 
directed nozzle. By the reaction of the jet of steam 
thus created the carriage was to be proj^elled in a 
forward direction. Speed was to be regulated by the 
driver’s control of a steam cock in the issuing pipe. 

In the British Museum is a model of a machine 
ascribed to Giovanni Branca, an Italian engineer, who in 1629 suggested a 
form of steam turbine. His idea w^as to direct a powerful jet of steam 
tangentially against open vanes formed on the circumference of a fan wheel 


Fig. 20. The il lustra* 
tion of a jet-pro- 
pelled carriage 
which appears in 
many early text- 
books on the evolu- 
tion of the horseless 
road vehicle, 


Rl 




Fig. 19. Hero’s 
aeolipile is reputed to 
be the first apparatus 
converting steam 
pressure into me- 
chanical power. It 
was probably the 
earliest demonstra- 
tion of the principle 
of jet reaction. 
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mounted on a vertical spindle. From this spindle other mechanisms were 
to be driven at reduced speed through a crude cogwheel gearing. The 
sketch (Fig. 21) shows the machine arranged to drive a stamp mill. 

In 1791, that is to say over . n 

150 years ago, an Englishman. 

John Barber, took out the first , ^ 

patent for a gas turbine. The B , 

sketch which accompanied it Jj j ^ ^ • 

was, perhaps naturally, very h n ^ ir^ - 

rudimentary and certainly it - B fl ff I i 

provided no clue to the tech- / |||i li L L 

nical possibilities of the design. uj t L i^rJr If 1 — F 

The proposed plant comprised ij \ 

a gas producer, gas receiver, gas m ^ 

and air compressors, a combus- 



Fig. 22. Diagram of the 
first gas turbine pro- 
posed and patented by 
John Barber in 1791. 

at that early period, and it can 
only be assumed that it was 
desired to produce a prime 
mover less complicated than the 
boiler, engine and condensing 
equipment of the steam plant 
and to obtain rotary motion 
without the need for the crank 
and connecting rod mechanism. 

A concludmg example of 
inventive vision is the “ flying 
machine” embodying the prin- 
ciple of Avery’s rotary engine. 


Fig. 21. Possibly the first proposal for a 
turbine was made by an Italian engineer, 
Giovanni Branca. The value of high 
rotational speed and reduction gearing was 
apparently realised in 1629. 

tion chamber, a turbine wheel and speed- 
reducing gearing. About that time the 
substitution of mechanical power for 
human energy had become an economic 
necessity; the steam engine was the only 
known machine capable of producing 
motive power. There is no definite infor- 
mation regarding tlie aims of the inventor 
or wiiat influenced liim to devise an 
alternative to the ubiquitous steam 
engine. Relative efficiency would not arise 



Fig. 23. Suggested in 1903 — a helicopter 
using Avery’s rotary engine (steam jet 
reaction). 
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The illustration is from “ Flying,” an early Hiffe periodical of 1903. Even 
as this edition goes to press the National Advisory Committee for Aero- 
nautics, U.S.A., announces its interest in airscrews rotated by jet reaction. 

At th(‘ beginning of the present century the practical realisation of the 
age-old dream of mechanical flight was delayed by lack of an efficient 
and reliable power unit. Steam plants were too heavy and cumbersome 
and the internal combustion engine was in its infancy. With little design 
or operational experience to draw upon, with quite elementary production 
facilities and with unsuitable and unteTsted materials, the pioneers were 
obliged to build their own engines as well as the airframes. They developed 
their technique as they experimented and suffered many bitter disappoint- 
ments. It was inevitable that in looking ahead such men sought alternative 
means of power production and methods of propulsion. 

For a brief period the Gnome engine, that ingeniously conceived, 
beautifully made, but temperamental combination of rotary and reciprocating 
motion, met current requirements and made possible tremendous progress 
in aeronautics. However, since the advent of practical mechanical flight 
the demand has been for more and still more power from smaller and lighter 
units. It is of more than passing interest to record that jet propulsion, gas 
turbines, atliodyds, thrust augmenters and thrust spoilers were visualised 




Fig. 24. The Lorin scheme of 1908. A conventional engine is employed solely to 
produce a propulsive Jet. The lower sketch shows a proposed multi-cylinder lay- 
out for wing installation. 


by the pioneers. Moreover, it is only as the result of successful development 
of the gas turbine and jet propulsion that engine manufacturers are able, 
for the first time in history, to supply more powerful units than the builders 
of airframes can at the moment usefully employ. The relative position has 
been reversed. 

It was probably inevitable that the earliest efforts should be made in 
conjunction with the orthodox internal combustion engine. 

Perhaps the simplest illustration is given by the 1908 scheme. Fig. 24, 
of the French engineer, Lorin. In this a conventional engine exhausts 
c 
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directly through a divergent nozzle to produce a propulsive jet. Air is com- 
pressed in the cylinder, there is combustion of fuel and the eflluent expands 
in the discharge duct. Apart from the energy used in driving the usual 
auxiliaries, the engine functions solely to produce the jet and no power is 
taken oif the engine crankshaft. Lorin visualised multi-cylinder units of 
this type, as shown in perspective, installed in the wings of aircraft. 

By modern standards this design is only of historical interest. Neverthe- 
less it deserves an honourable mention, as it was the original suggestion to 
employ a reciprocating engine and use part of the combustion energy to 
compress the air. It suffered, of course, by reason of the quite inadeejuate 
mass of air handled, which could not be more than that required to produce 
a combustible mixture in the engine cylinder. 

Thrust Augmenters 

Early efforts to'*’overeome this handicap led to ingenious schemes to 
increase the mass of air and thus augment the thrust. 

In 1917 O. Morize, of Chateaudun, France, proposed the plant shown 
diagramniatically in Fig. 25. 

An engine A 
drives a compressor 
B which delivers air 
through an equalis- 
ing chamber C to tlie 
combustion chamber 
D, the walls of which 
are lined with re- 
fractory material. 

The air inlet sur- 
rounds the jet E 
supplied with liquid 
fuel from tank F by 
an engine-driv^eii 
pump (i. A suitable 
means of ignition, 
electric or incan- 
descent, is provided, 
and the combustion 
products arc dis- 
charged through the 
combustion cham- 
ber nozzk* into the 
convergent forward 
end of the “ ejector ” 
tube H. This creates 
a region of low pres- 
sure and air is in- 
duced into the end 
of the tube II to join the rapidly moving gas stream. In the divergent 
portion of the tube H the velocity is diminished, thus imparting increased 
pressure to the stream as it is discharged. 

Control of the thrust is effected by varying the quantity and pressure 
of the fuel and the charging air which supports combustion. Modified types 
of “ ejectors,” of which two are shown, had a series of air intakes, a plurality 
of combustion chamber nozzles, J, or an annular combustion chamber K. 







A. Reciprocating engine. F. Fuel tank. 

B. Air compressor. G. Fuel pump. 

C. Equalising chamber. H. *' Ejector ” tube. 

D. Combustion chamber. J. Muiti>nozzle combustion chamber. 

E. Fuel injector. K. AnnuJar combustion chamber. 

Fig. 25. In the Morize “ejector “ scheme, fuel and air 
are supplied to a combustion chamber which discharges 
into a convergent-divergent tube. 
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In the same year H. S. Harris, of Esher, devised a propulsion plant of 
considerable interest, although it was not developed to a practical stage. 
He also sought to induce air into the discharge tube in order to increase the 
mass of the jet. Instead, however, of achieving this aim by allowing the 
combustion gases to expand in a tube of increasing cross-sectional area, he 
inverted the process adopted by Morize. 

The combustion gases enter the discharge tube at high velocity and 
low pressure (aj)proximately atmospheric pressure) in the form of a cylindrical 
stream or jet. As this jet is cooled and contracted on its way to the discharge 
nozzle a “ depression ” is produced which induces the inflow of air at the 
open forward end of the discharge tube. The tube is of a considerable length 
in order to ensure that the stream of gas and air issuing from the discharge 
nozzle is completely cooled. Consequently, no rapid expansion will occur at 
the nozzle which might give a pressure drop and induce a reverse flow. To 
compensate for the continued cooling and the corresponding decrease in 
volume of the stream, the discharge tube is of decreasing cross-sectional 
area, thus maintaining the velocity. 

It is somewhat remarkable that the scheme contains no suggestion of 
utilising the effluents of the engine which 
drives the blower supplying air to the com- 
bustion chambers. On the other hand, it 
appears ahead of its time in the proposal to 
employ powdered coal for fuel, as an alter- 
native to liquid hydrocarbons such as petrol 
or paraffin. It is noteworthy as being one of 
the earliest, if not the first, to employ a 
radial compressor. 

1‘etrol is used for the twin- jet plant 
shown in the diagram Fig. 26. A twin- 



cylinder engine A drives directly a low- 
pressure blower B, which draws air from a 
forward axial intake and delivers to combus- 
tion chambers C. Fuel from tank D is 
supplied to jets E and mingles with the air 
to form a combustible mixture. Each com- 
bustion chamber is positioned axially in a 
long discharge tube F open at both ends. 
The issuing gases, on cooling in this tube, 
produce a partial vacuum which draws air 
into the tube in the direction of flow and 
increases the mass of the rcarwardly flowing 
stream. 

A number of modified arrangements 
were suggested. Instead of two jets, a 
single large discharge tube with a plurality 
of combustion chambers may be provided. 
Or a series of combustion chambers may be 
fitted in each discharge tube and additional 
air be admitted at several points along the 
tube at successive stages. The charging 
blower, it was suggested, could be driven by 
means of a rotor mounted in the discharge 
tube ; in which case, presumably, the 
engine would be used only for starting. 
Either the complete discharge tube or a 


d m 



A. Twin-cylindcr engine. 

B. Low-pressure blower. 

C. Combustion chamber. 

D. Fuel tank. 

E. Fuel injector. 

F. Discharge conduit. 

Fig. 26. The Harris plant also 
uses induced air, but the com- 
bustion chambers discharge into 
divergent-convergent tubes. 
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terminal portion may be mounted to swivel horizontally and vertically to 
effect or assist the control of the aircraft. Furthermore, means of tem- 
porarily closing? the discharge end of the tube may be provided to cause the 
gas stream to issue from the forward end of the tube to produce a braking 
effect when landing. 

Many schemes have been proposed in which a stream of gases issuing 
from a combustion chamber creates an area of negative pressure in a tube 
or duct and induces a supply of air to augment the mass of the propulsive 
jet. One of the best-known and most widely quoted is that invented by 
M^lot and patented in 1920. Previously it had been submitted to the French 
military authorities who, during the war of 1914-18, experimented with 
the de\iee. 

Referring to the diagram, Fig. 27, of the M61ot multiple- nozzle device, 
the combustion chamber A is charged by relative wind entering by a forwardly 



A. Combustion chamber D. Nozzle rings. 

B. Venturi. C. Fuel injector. E. Main diffuser tube. 


Fig. 27. A M^lot multiple-nozzle ** thrust augmenter ’* of the type tried out by the 
French military authorities In the last war. 

facing venturi B and, from a jet C, carrying in fuel which is ignited by electric 
or other means. From the chamber the combustion gases are emitted as a 
stream through a series of nozzles D of increasing diameter through which 
additional air is sucked into the main diffuser tube E as indicated. The 
propulsive thrust was certainly “ augmented ” by the additional mass of air, 
but not to the degree necessary to enable it to challenge the efficiency of the 
engine-airscrew combination. 

One reason for the poor efficiency was the low compression of the fuel-air 
mixture in the combustion chamber. This was apparently appreciated by 



F. Free-flying pliton. l. Piston lower sleeve exhaust ports. 

G. Venturi K. Exhaust conduit. 

H. Piston upper sleeve Inlet ports. L. Piston lower sleeve Inlet ports. 

Fig. 28. Later M^lot design in which a two-stroke engine is employed to furnish a 
higher compression cycle for the more efficient combustion of the fuel. 

M61ot, for later he produced the relatively high compression, combustion 
engine design, which is illustrated in Fig. 28. The air-cooled two-stroke 
engine had two opposed cylinders in axial alignment, and a common, free- 
flying piston F having ported sleeve extensions. In the position shown a 
charge of air and fuel has been admitted through the venturi G, the common 



EARLY PROJECTS 


3T 


cylinder inlet duct and the piston inlet ports H and compressed in the upper 
cylinder, which is at the point of ignition. The lower cylinder has dis- 
charged its effluents through piston exhaust ports J and the lower branch 
of the exhaust conduit K which delivers to the multiple-nozzle device. A new 
charge is simultaneously being aspirated by the lower cylinder by way of inlet 
ports L. Starting is effected by compressed air and electric ignition, but 
compression ignition is relied upon for continuous running. 


An American Investigation 

In 1927 two American investigators, E. N. Jacobs and J. M. 
Shoemaker, undertook a series of tests at the Langley Memorial Aeronautical 
Laboratory to determine to what extent tJie M^lot type augments r would 

increase the thrust reaction of a jet. 
The apparatus used, shown in Fig. 29, 
followed as closely as possible the 
M^lot design with a pressure chamber, 
three annular nozzle rings, and a main 
convergent-divergent dffluser tube. 
Instead of burning a fuel to raise 
pressure, however, the chamber was 
supplied with compressed air at ordin- 
ary temperature. The venturi-shaped 
nozzle of the pressure chamber had a 
throat of fin. diameter, and the main 
diffuser tube was about 3ft. 9in. in 
overall length. Mathematically it 
would appear that the thrust of a free 
jet would need to be increased several 
times in order to make jet propulsion 
a feasible proposition. Accordingly, 
the reaction thrusts of a free jet and 
a jet with M^lot and other type 
augmenttrs at various pressures were 
weighed on the scale. 

The tests showed that the M^lot de- 
sign gave the best results and represents 
a very creditable advance. Quantita- 
tively, however, although the per- 
formance could possibly be improved 
by careful design, these results provided 
no evidence that the efliciency could be 
raised to the degree necessary for the 
successful propulsion of aircraft. The 
diffuser tube was designed to expand 
air from 185 Ib./sq. in. gauge to atmospheric pressure at the mouth, but the 
best results were obtained at approximately 100 Ib./sq. in. gauge. At this 
pressure the thrust was 137 per cent, of the theoretical thrust of a free jet 
(which was used as a basis for comparison), while a free jet was only 88 per 
cent. With a pressure of 185 Ib./sq. in. gauge, the thrust of the Mdot 
augmentcr fell to 122 per cent., while the free jet slightly improved to 90 
per cent. This would seem to indicate that the diffuser employed was 
unsuitable in conjunction with the M61ot nozzles and did not provide for 
adequate expansion of the jet from the pressure chamber. It was found that 
variation of the distance from the mouth of the pressure nozzle to the 



Fig. 29. Melot type thrust augmenter 
on test at the Langley Memorial Aero- 
nautical Laboratory, U.S.A. 
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entrance of the diffuser between two inches and nine inches produced no 
substantial effect on the thrust. A spacing? of six inches, approximately 
that us(*d in the Melot system, gave the best results. 

A Gompressorless Design 

The French engineer, Rene Leduc is mainly associated with projects 
for eornpressorless jet-propelled aircraft, so-called “ athodyds,’" in which the 
main fuselage structure forms a continuous air duct from nos(‘ to tail. It is 
slightly barrelled to produce a divergent (compression) intake and a con- 
vergent (expansion) outlet. Due to the forward speed of the aircraft air 
is rammed into the intake, the velocity is lowered and ])ressure increased 
by the divergent shajM' of the duct, liquid fuel is injected and burnt, and the 
combustion gas and air discharges from the exit nozzle at lowered pressure 



and increased velocity to form the ])ropulsivc jet. Such aircraft would need 
to be launched at high speed by some means as it would seem (|uite im- 
practicable to obtain sulheient thrust for take-off by air induced whilst 
on the ground and either stationary or moving at a relatively slow speed. 

In 1938, at the Paris Salon de TAviation, a model of a Leduc aircraft, 
shown in Fig. 30, was exhibited. A notice suggested that this machine 
of the future '' would have an out])ut of 14,000 h.])., a s])ced of 1,000 kilo- 
metres per hour and a ceiling of 30 kilometres. Nothing further was heard 
of this design. It is, however, significant of progress in the interval that the 
suggested p(‘rformance figures to-day do not apj)(‘ar utterly fantastic. 

The First Whittle Patent 

On January 16th, 1930, Frank Whittle filed the application for 
his first jet propidsion patent. It is a quite brief but extraordinarily inter- 
esting document which, in the cautious phraseology of the patent specification, 
reveals the inventor’s aims, objects and opinions. It refers to a method of 
propulsion in one direction by the reaction caused by expelling fluid in the 
opposite direction, and is deemed to be particularly adapted for aircraft, 
but not necessarily limited to this use. 

The heat cycle is described as “ consisting of one or more stages of 
compression, one or more stages of exj)ansion and a heat addition between 
the end of compression and the beginning of expansion, part of the work 
done in expansion being employed to do the work of comj)ression, and the 
remainder to provide the fluid reaction.'’ 
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Cyiaracteristic of the inventor is the unequivocal expression of the belief 
that an embodiment of this invention will provide a large thrust in propor- 
tion to its weight, that it will perform at greater altitudes than are at present 
obtainable, that it makes possible higher speeds than have up to the present 


A. Shaft. 

B. Compressor rotor. 

C. Turbine rotor. 

D. Compressor rotor blades. 

E. Compressor stator blades. 

F. Radial blades. 

G. Diffuser vanes. 

H. Air collector ring. 

J. Combustion chamber. 

K. Fuel Jet. 

L. Gas collector ring. 

M. Turbine stator blades. 

N. Turbine rotor blades. 

P. Discharge nozzle. 


Fig. 3 1 . The plant suggested 
by F. Whittle in his first patent 
specification embodied a com- 
bined axial-radial compressor 
and a plurality of combustion 
chambers. 


been obtained, that it will operate with any fuel now in use, and that it will 
have a reasonably low fuel consumption. Further, that simplicity and 
convenient external form is achieved.” 

'The propulsion unit proposed is shown diagrammatically in Fig. 31, On 
a common sliaft A are mounted the rotor B of an axial-radial air compressor 
and tlie gas turbine rotor C. The compressor rotor has axial flow blade 
rings D, working in conjunction with stator blade rings E on the casing, and 
terminal radial blading F. Air is delivered past diffuser vanes G to a hollow 
collector ring H and thence to a plurality of combustion chambers J. Thesi^ 
chambers may be lagged to conserve heat and lined with refractory material, 
and li(]uid fuel is introduced and burnt at jets K. 

From the combustion chambers the heated gas/air mixture passes into 
a collector ring L and expands through the turbine, which has a single stator 
blade ring M between two rotor blade rings N. After leaving the turbine 
the gases enter a third collector ring and are finally expanded to atmosphere 
through a plurality of axially disposed nozzles P. 

It is stated in the specification that “ It can be demonstrated that the 
elliciency of this device conceived as a propulsive engine will not be reduced 
by reduction of the density of the atmosphere, and owing to the low tempera- 
ture of the upper atmosphere may actually be enhanced.” Also, Controlling 
means may include fuel control, gas flow control, or mechanical control of 
the speed of the blower and/or its mover. The final emission of gas may 
perhaps be directionally controlled for manosuvring purposes.” 

The first Whittle, single-jet plant to be constructed had only one com- 
bustion chamber and the turbine casing and bearing housing wrs jacketed 
for water cooling. 

The radial compressor has two air intakes, arranged one on each side 
of the plane of rotation of the impeller A. This component is rotated at 
such speed that the air leaves the tips of the blades at super-sonic velocity. 
The air is delivered first into the radial primary diffuser chamber B, 
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wliidi discharges into the delivery scroll, C, of increasing cross-sectional 
area. At its outlet, the scroll is directly connected to a helical combustion 
chamber D. Initially the combustion chamber is of tapering form so 
as to constitute a secondary diffuser for the compressor, and the discharge 
end of the chamber is connected to the volute turbine nozzle. This 
extends around the periphery of the turbine, constituting a single annular 
orifice, so that the blade ring of the turbine rotor is at all times open to the 
gas blast. 



Fig. 33. A Whittle propulsion plant in which air Is first admitted to the interior of 
the casing and then picked up by the high-speed rotary compressor. The turbine 
casing and rotor bearings are fluid-cooled. 


Fuel is introduced to the combustion cliamber through injector F, 
surrounded by a cowl G. To ensure continuous combustion, the inner 
wall of this cowi may be covered with a perforated metal or a wire mesli, 
as indicated in the small detail drawing, to produce a boundary layer 
of air travelling at a velocity below that of the flame speed of the fuel. 
The air and combustion gases give up part of tbeir energy to the turbine 
rotor II to drive the air compressor. After leaving the turbine, the air 
passes into an annular collecting chamber formed as a divergent channel 
between the discharge conduit J and a cone mounted on the turbine easing. 
It should be noted that in both the patent specification and in the first experi- 
mental unit to be built, a straight-through combustion system was employed 
although reverse-flow chambers w'ere used on certain subset|uent designs. 

Swiss Reciprocating Units 

Turning to Switzerland, we find the system proposed by W. Schurter, 
of Zurich, makes exclusive use of compressor aggregates of the reciprocating 
t 3 rpe. Single-piston or opposed-piston, high-compression, two-stroke engines 
are employed, and both types are illustrated in Fig. 34. 

Dealing first with the smaller unit, the smgle-aeting engine piston is 
rigidly combined with a double-acting, annular compressor piston, (iroups 
of admission and discharge valves are provided at each end of the compressor 
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cylinder. One end of the compressor delivers scavenging and charging air, 
at approximately twice atmospheric pressure, to the engine cylinder by way 
of duct A and the scavenge ports. From the other end air is discharged 
into conduit B, where it mixes with the combustion gases as they are leaving 
the engine cylinder by the exhaust ports. Tlie engine piston is of the cross- 
head type and by means of a stationary abutment with a gland for the piston 
rod, a cushioning cylinder is arranged below the piston at C. 

Of similar design, the opposed-piston unit is virtually self-balanced, and 
the engine has the more satisfactory ^nd-to-end scavenging action. The 
upper side of the lower compressor delivers air to chamber D, whence part 
is taken for scavenging and charging the engine, and the remainder is passed 
through the shallow annular passage E to the mixing chamber F, thereby 
cooling, and absorbing heat from, the combustion zone of the cylinder. Air 

from the outer ends of both com- 



A. Scav«nginf air trunk. 

B. Combustion gas and air conduit. 

C. Cushioning cylinder. 

D. Scavenging and cooling air trunk. 

E. Annular air passage. 

F. Gas/air mixing chamber. 

G. Upper and lower air conduits. 

Fig. 34. Schurter single-piston and op- 
posed-piston compressor aggregates. A 
double-acting compressor piston is directly 
attached to each single-acting, two-stroke 
engine piston. 


pressors passes through conduit 
G to the mixing chamber into 
which the lower side of the upper 
compressor discharges directly. 
Although the compressors work 
at only a relatively low pressure, 
the large number of automatically 
operated admission and discharge 
valves will scarcely be regarded 
with favour by aircraft engineers, 
particularly as a high engine 
speed is essential for the treat- 
ment of large volumes of air. 

For a complete installation 
a plurality of compressor aggre- 
gates would be employed, as 
shown diagrammatically in Fig, 
35. Not all of these need to be 
continuously operative, and one 
or more could be cut off from the 
main distributing conduit H by 
the valves J to serve as reserve 
sources of power. Obviously, 
with such an arrangement it 
would be necessary to regulate 
the pressure and volume of the 
gases in conduit H, and valves K 
are provided for this purpose. 
These are spring-loaded and 
automatically vary the cross- 
sectional area of the discharge 
nozzles according to the pressure 
prevailing in the conduit. 

As the gases in conduit H 
contain an adequate supply of 


oxygen and the temperature is relatively low (approximately 200 deg. C.) 
“after- burning ” can be employed to increase the power output. The efficiency 
of combustion at this stage is admittedly low, but the added propulsive 
effort could be of advantage when taking off or climbing. Supplementary 
combustion chambers L may be provided in conduit H and additionally, or 
alternatively, between the conduit and the discharge nozzles. 
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H. Main distribution conduit. L. Supplementary combustion chambers. 

J. Cut-off valves. M. Distribution conduit serving as a wing structural 

K. Discharge nozzle control valves. member and also to prevent ice formation. 


Fig. 35. Diagrammatic arrangement of a Schurter plant employing three single- 
piston compressor aggregates. The propulsive gases feed into a distributing conduit 
having controlled discharge nozzles and supplementary combustion chambers. 



It is suggested that weight may 
be saved by forming conduit H as a 
leading-edge spar for a wing, or as a 
structural member of the fuselage. 
Embodied in the wing, as shown at M, 
it would serve to eliminate tiie danger 
of iee formation. 

Dr. Gustav Eichelberg, of Zurich, 
is concerned to differentiate the respec- 
tive air pressures for propulsion and for 
charging the motive unit driving the 
o mpresso r . For efficient operation the 
pressure at the discharge nozzles should 
be about 2 atm., and as the flying 

Fig. 36. A Swiss design, the Eichelberg, 
has an independent engine-charging sys- 
tem operated by a separate exhaust gas 
turbine. Effluent from the turbine is not 
mixed with the main air supply but dis- 
charged from a separate nozzle to assist 
propulsion. 

G. Charging air heat exchanger. 

H. Regulating valve. 

J. Sup[ lementary combustion chamber. 

K. Main discharge nozzle. 

L. Turbine effluent discharge nozzle. 
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altitude is increased this should be reduced in approximate proportion to the 
fall in atmospheric pressure. 

On the other hand, an absolute pressure of from 4 to 5 kilograms per 
square centimetre (57 to 71 lb. per square inch) may be required for 
charging in order to keep the weight and dimensions of the engine at a^ 
minimum. 

A diagram of a complete unit is given in Fig. 86. Air enters through a 
diffuser intake A, which is located either to take advantage of the dynamic 
pressure set up by the aircraft in flight or to suck in the boundary layer from 
a suitable point of the fuselage or wing. The compressor B is either mechani- 


B 
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cally coupled or, as indicated, structurally combined with a two-stroke 
engine C. From the air leaving the compressor a supply is drawn off by the 
charging blower D driven by the exhaust gas turbine E. Cooling fluid 
from the engine cylinder jackets is circulated through heat-exchanger F, 
and the charging air is passed through exchanger G on its way to the engine 
intake manifold. After traversing the heat-exchangers, the main propulsion 
air passes a regulating valve H and combustion chamber J, into which 
supplementary fuel can be injected to furnish additional power for peak 
loads, to the discharge nozzle K. The waste gases from turbine E are dis- 
charged from the nozzle L. 

To obtain operational flexibility and reliability a complete plant would 
comprise a plurality of compressor aggregates, charging units and heat- 
exchangers, suitably interconnected to enable various combinations of com- 
ponents to be brought into co-operative function. 

German Designs 

An early project of the Junkers Co. employed a multi-bank, radial, 
two-stroke engine to drive an axial compressor. 

Referring to the drawing, Fig. the air is forced by the compressor A 
into passages B between opposite pairs of cylinder banks, from which a 
portion of the supply is taken as scavenging and charging air for the cylinders. 
The remainder passes round the cylinders as a cooling medium into the 
mixing chambers C arranged between the cylinder banks alternate to the 
passages B. Into these chambers the exhaust gases are delivered to mix 
with the by-passed air, which has been pre-heated by the cylinder walls. 
From these chambers the mixture expands to the outer air by way of nozzles D. 
To enable the propulsive effort to be increased, combustion chambers E, into 
which additional fuel can be introduced through injectors F, are provided 
between the mixing chambers and the nozzles. The air flow through the 
complete unit is shown diagrammatically in the plane projection of a longi- 
tudinal section of the plant. 

Tlie firm of Ernst Ileinkol sponsored a compaet jet propulsion unit, 
Fig. designed by Max Ilalin. 

In a circular casing having an axial air intake at the front and 
coaxial discharge orifice at the rear, a shaft is mounted in two bearings 
supported on spiders. On this shaft is a single rotor which is divided to form 



A. Blower impeller. 

B. Turbine wheel. 

C. Air flow {uide ring. 

D. Annular combustion chamber. 

E. Combustion air passage. 

F. Fuel injector. 

G. Insulation passage. 


Fig. 38. A self-contained all -rotary 
jet propulsion unit patented by 
Max Hahn and assigned to the firm of 
Ernst Heinkel. 
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a box-type blower impeller A and a boxed turbine wheel B. Air drawn into 
the unit through the forward central aperture leaves the impeller at its 
periphery and the stream is here divided by a projecting guide C on the 
enshrouding wall of the annular combustion chamber D. 

The main supply is diverted to the rear to the turbine wheel, whilst 
a smaller portion passes along passage E between the main casing and the 
combustion chamber wall. At the point of smallest diameter, surrounding the 
intake aperture, this portion of the air-stream is again divided. Part enters 
chamber D into which fuel is injected" by nozzles F and burnt to furnish 
additional heat for the final jet. The remainder continues around the com- 
bustion chamber in space G and joins the initial air-stream and the effluent 
from the combustion chamber to form a common stream which expands 
through the turbine and furnishes the motive power for rotating the blower. 
By passing a portion of the airstream completely round the combustion 
chamber this is effectively insulated and heat from the chamber is not com- 
pletely lost by radiation to the atmosphere but is largely carried off by the 
air to perform useful work in expansion through the turbine. 

Some Swedish Systems 

Streamlined units for wing installation, to the designs of A. Lysholm, 

are suggested by Milo Aktiebolaget, of Stockholm. In one of these, shown 
in part-section in Fig. 39, the air enters by an annular orifice, is compressed in a 



A. Four-stace cencrifufal comprtuor. D. Turbine. 

B. Air chamber. E. Fuel injector. 

C. Combustion chamber. F. Discharge nozzle. 

Fig. 39. The streamlined Milo unit is intended for wing installation. All the air com- 
pressed by the multi-stage blower is passed to the combustion chamber and, with 
added fuel, is expanded through the multi-stage gas turbine. 

multi-stage blower A and delivered to chamber B. This chamber houses 
an annular combustion chamber C and the gas turbine D which drives the 
blower. The air, preheated in its passage over the walls of the combustion 
chamber and the turbine stator casing, at the rear reverses its direction of 
flow and enters the combustion chamber past fuel nozzles E. From the 
combustion chamber the flow is again reversed, and the gases expand Uirough 
the turbine and pass with an accelerating velocity through an outlet conduit 
of diminishing cross-sectional area to the discharge nozzle F. 

Plants of similar type are proposed by Aktiebolaget Ljungstroms 
An^urbin. In addition to a unit constructionally resembling the Milo 
design previously described, the one illustrated in Fig. 40 is of interest, as 
it employs a pair of twin-rotor, screw-type compressors A, gear-driven from 
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the turbine shaft. Air taken in at the forward end is delivered by the 
blowers througli tfie receiving chamber B to combustion chamber C. Fuel 
is delivered by a pump driven from the forward end of the turbine rotor 
shaft to a series of shrouded injectors in the mouth of tlie combustion cham- 
ber. The combustion gas and air mixture expands tlirough the multi-stage 
turbine D and discharges by way of a convergent conduit E. 

To permit rapid acceleration without ill-effects, that i)art of the 
energy available for propulsion is temporarily rediieed, and thus the 
power input to the compressor is increased simultaneously. The compressor 
speed is thus accelerated, the quantity of air delivered increases to an excess 
over that required for the fuel supplied, and the temperature of the propulsive 
gasc s is lowered. Thereafter it is permissible rapidly to increase the supply 
of fuel to correspond with the increased quantity of air, the normal fuel-air 
ratio is re-established, and the aircraft is accelerated. 

Normally the gases leaving the turbine are discharged through conduit K, 
which is furnished with a valve. From points adjacent to the turbine 
outlet two auxiliary conduits, F and G, are fitted, each provided with a 
valve. Extending to the exterior of the casing, the outlets are directed 
forward and downward respectively. For normal operation the three valves 
are positioned as shown in full line, but if the valve of either conduit F or G 
is opened, the back pressure will be reduced. This results in an increased 
heat and pressure drop in the turbine, which is transformed into additional 
mechanical energy and applied to the compressor. Regulation of the 
conduit E valve and, selectively, cither conduit F or conduit G valve, will 
produce respectively a braking or a lifting effect. 



A. Screw-type, twin rotor D. Turbine. 

compressors. E. Discharge conduit. 

B. Air chamber. F. Upper auxiliary conduit. 

C. Combustion chamber. G. Lower auxiliary conduit. 

Fig. 40. Ljungstroms Angrurbin unit embodying dual 
twin-rotor air compressors. Special arrangements 
are made for speeding-up of the compressor to 
permit rapid acceleration in emergency. 

Italian Investigations 

Previous editions of this book gave some prominenee to tlie work of 
Signor Campini. This is now largely of historical interest, but it is 
proposed to retain some account of Campini’s early efforts and to refer to 
Italian designs subsequent to the C.C.2, the aircraft which first flew in August, 
1940 and was widely publicised in 1941 after its Milan-Rome fliglit. 

The C.C.l design, which never materialised, is shown in Fig. 41. This 
project was naively described by its designer as lieing intended for operation 
at either subsonic or supersonic speeds. The cabin A is of ovoid form and 
constructed as a pressure unit for high-altitude operation. Air is admitted 
where the annular space between cabin A and the enshrouding cylinder B 
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A. Ovoid cabin. D. Radial engine. H. Discharge nozzle. 

B. Enshrouding cylinder. E. Rectifier-radiator J. Cone for varying nozzle orifice. 

C. TwO'Stage centrifugal com- F. Combustion space. K. Controlled lateral orifices. 

pressor. G. Annular mixing channel. 

Fig. 41. The Campini CCi design of high-altitude craft intended for operation at 

either sub- or supersonic speeds. The control cabin is pressure charged. A petrol 
engine is used to drive the compressor. 

has its smallest cross-section. This ram-compressed air tlien passes through 
a two-stage centrifugal compressor C driven by a radial engine D or, alter- 
natively, a gas turbine. Beyond the compressor it passes a radiator E, which 
also acts as a rectifier, into the wide combustion space F. Here, in an annular 
channel G of venturi shape, the air is supplied with fuel and, after expansion, 
discliarges through the nozzle H. The nozzle unit is arranged to swuvel and 
the eross-seetional area may be varied by means of the cone J. On starting, 
there will be a negative pressure in the inlet chamber between the cabin and 
the enshrouding ring, and air can be admitted by way of lateral orifices K. 

The air-admission arrangement outlined above is that employed for 
operation at sub-sonie speeds. If the s])eed of flight is increased to a super- 



Fig. 42. The Caproni-Campini Jet-propelled cantilever monoplane in the air. 
Known as the CC2, it weighed about 9,250 lb 


D 
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sonic velocity, a shroud ring is moved forward beyond the former mouth, as 
indicated by the dotted lines. The air now enters a funnel which first con- 
verges and then diverges, thereby taking account of the peculiar conditions 
of flow which are associated with supersonic velocities. 

The C.C.2, which made the celebrated Milan-Rome flight, is now known 
to have weighed 9,250 lb. and to have been fitted with an Isotta-Fraschini 
liquid-cooled engine of 900 h.p. The span was 52 ft. The Isotta engine 
drove a three-stage ducted fan and after-burning ” equipment in the form 
of a vaporising burner could be provided in the rear of the fuselage. The 
moving blades of the ducted fan could be varied in pitch and the area of the 
exit orifice was adjustable by a moveable “ bullet.” 

In view of the conjectures eoneerning the performance of the C.C.2 
the following figures may be of interest. The maximum speed was 205 m.p.h. 
at 9,800ft., but this could be increased with after-burning to about 230 m.p.h. 
at the same height. The climb to 13,000ft. took 53 minutes. 

It is clear from information obtained in Italy during the war that the 
C,C.2 was not regarded as a success. Nevertheless, Campini persevered and 
produced a number of designs for the Italian Air Ministry for fighter and 
bomber aircraft utilising ducted fan power units located in the wing and driven 
remotely from one or two reeijiroeat ing engines in the fuselage. With “ after- 
burning ” one of the Campini fighters was estimated to have a speed of 
450 m.p.h. at 33,00()ft. The reciprocating engine was to be a German DB 605 
of 1 ,300 h.p. A bomber type was to have two of these engines. 

Campini also submitted to the Italian Air Ministry a proposal for a gas 
turbine-airscrew unit utilising a nine-stage turbine and an eight-stage centri- 
fugal compressor, with intercooling on the last two stages. 

The Caproni concern, wdiich had collaborated with Campini, suggested 
a development of their Reggiane Re 2005 single-seat fighter with an additional 
reaction propulsion device. It was proposed to use a twelve-cylinder engine 
of 370 h.p. to drive two centrifugal compressors, one for supercharging the 
main DB 605 and the auxiliary unit, and the second for providing reaction 
propulsion. The proposed layout is shown in Fig. 43, 



Fjg. 43. Rsggiane Re 2005 fighter project with airscrew and jet propulsion. 
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GAS TURBINE COMPONENTS : RADIAL AND AXIAL 
COMPRESSORS : TYPES OF TURBINES 

R otary air compressors are mainly one of two types differentiated by the 
line of flow in either a radial or axial direction. The radial type, more 
commonly described as a centrifugal compressor, may have one or more 
stages but the axial type is invariably a multi-stage unit. Units exist in 
which an initial radial stage is followed by a number of axial stages and, 
conversely, axial stages with a terminal radial stage. 

The compressor on the Heinkel-Hirth jet engine has an initial stage 
which is not specifically axial or radial, but embodies characteristics of both, 
'rhc mechanical engineer would probably term this a “ mixed flow ” but on 
aircraft units it is aptly designated as a diagonal or semi-axial stage. A 
further type meriting attention is the Lysholm twin helical screw compressor 
which is included in Swedish aircraft designs and employed on large gas 
turbine stationary power plants in America. Whilst of the rotary type it 
has the advantage of positive air displacement. It is employed as a 
supercharging blower but, as far as is known, has not yet been in practical 
use for jet propulsion. 

Radial Compressors 

Due to its long use as an engine-driven blower for pressure-charging 
reciprocating type aircraft engines, the radial compressor has received many 
years of intensive development. Performance and reliability are well 
established so, despite certain inherent limitations, it was adopted for gas 
turbines. Whilst it could satisfactorily furnish the volume of air required 
by a piston engine operating with a fuel-air ratio of about 1 : 15 it was less 
well suited for the turbine-jet unit which requires a fuel-air ratio of from 
1 : 60 to 1 : 70. The volume of air to be handled necessitated an impeller 
of large diameter and a high speed of rotation, resulting in the linear speed 
at the periphery being markedly increased. It is not uncommon for the tip 
speeds of impellers to exceed the speed of sound but in a jet plant it is most 
desirable to maintain a smoothly accelerating flow and to avoid surging or 
wave effects. 

The diameter of a radial compressor is necessarily greater than an 
equivalent one of axial type and thus the overall diameter of the unit is 
greater. This constitutes a disadvantage, particularly in the case of wing 
installation. At the high air speeds of jet-propelled aircraft, a reduction in 
diameter and consequent lowering of installation drag may well yield an 
improvement in propulsive elliciency which will outweigh the advantage of 
a better specific consumption or a higher thrust. This is well exemplified 
by a comparison of the basically similar German B.M.W. and Junkers plants, 
both of which employ axial compressors. The Junkers 004 develops a thrust 
of 1,984 lb. but the B.M.W. 003, 4 in. smaller in diameter and 200 lb. less 
in weight, which has a thrust of only 1,786 lb. gives the same flight speed 
when installed in an aircraft. 

There are, however, compensating advantages when it is compared with 
the axial type. It is cheaper to produce, more robust, can be run at higher 
speeds and is less prone to icing under unfavourable atmospheric conditions. 
Furthermore, it has a wider effective operational range than the axial type, 
and in this respect is more suitable for the duty in a variable speed, variable 
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loaci propulsion unit. In a ^as turbine, as in all heat engines, design is a 
eomproniisc between favourable and unfavourable characteristics, and the 

radial compressor is success- 
fully employed, for instance, 
in the Rolls-Royce, de Ilavil- 
land and American G.E.C. 
units. 

Air enters the compressor 
easing by way of the relatively 
small intake eye around the 
hub to be picked up by the 
radial vanes of the rotating 
impeller, rapidly accelerated 
and discharged from the peri- 
phery into a diffuser. This 
annular eluimber is provided 
with a number of vanes 
defining a series of divergent 
passages, the function of 
which is to build up pressure 
in the air stream at the ex- 
pense of velocity. From the 
Fig. 44. Diagram of radial compressor with diffuser tlie air passes to a 
twin discharge outlets. 

Drawings of three different types of 
impeller are given in Fig. 45. A simple 
single-entry “ web ” type A has radial 
vanes supported on one side by a disc. 

The radial, divergent passages between 
the vanes are thus defined on three sides 
by the impeller and completed by the 
adjacent casing wall when the impeller 
is mounted in position. Small curved 
vanes around the hub are “ entry ” vanes 
to facilitate the change of flow from the 
axial to the radial direction and thus 
reduce the so-called entry shock. 

The double-entry type B is a varia- 
tion of the web impeller with radial vanes 
on each side of the single central disc. 

Air enters at each side and is delivered to 
a common collector duct. It is, in effect, 
two single-entry impellers arranged back 
to back. The third impeller C is designated 
the “ closed ” or “ shrouded ” type. This 
resembles type A, but has additionally an 
annular wall on the entry side, and thus 
the radial passages are completely defined. 

Pictorial representations of the three 

Fig. 45. Three commonly-used impellers 

for radial compressors : 

A. Single-entry web type. 

B. Double-entry web type. 

C. Closed, or shrouded, type. 


discharge scroll having one 
or more outlets, see Fig. 44. 




GAS TURBIVE COMPONENTS 


53 


different types, in the order referred to, are ^iven in 46. Actually 
these show the impellers of turbine-driven supereliargin^ blowers for normal 
aircraft engines. There is no essential structural dillerence for cither duty. 



Fig. 46. These views of single-entry web, double-entry web and shrouded impellers 
clearly show the curved entry vanes. 


The ^^eb type A is that in common use as a supercharging blower on 
piston engines. 4'yP^' ^ tlie obvious advantage of being subjected to 
ap]jro\imately e(iual forces on both sides of the central web and thus is 
axially balanced. An 
example in this category 
is the impeller of the 
Rolls-Hoycc l)crv>cnt 
turbine jet engine. 

Fig. 47. The iudy 
shrouded ty])e C is more 
dillieult to inanufaeture, 
but can usually be 
designed to }m)duee an 
clhcieney 2 oi .‘5 j)er cent, 
higher than type A. A 
variant of this type is 
tlie Junkers design A\ith 
separately boxed jiassages 
resembling tubular 
spokes of a wheel. 

It is practical to design 
radial compressors for a 
pressure ratio approaching 4 : 1 in a single stage and possible, at some low^ering 
of cHicicncy, to achie\ e a higher pressure. Consequently it may'' be preferable 
to keep the stage ratio reasonably low and obtain the desired pressure by 
increasing the number of stages. This substantially^ increases the axial 
length of the unit as it necessitates interstage passages to transfer the air 
from the difluser of one stage to the intake eye of the next stage, as 
will be seen in the diagram of a two-stage unit. Fig. 48. Interstage 
losses will to some degree lower the overall ellieieney. 

The pressure ratio per stage increases approximately with the square of 
the peripheral velocity of the impeller and development in the past has mainly 
been obtained by raising rotational speed. When the peripheral velocity 
approaches or exceeds that of sound the mechanical stressing of the impeller 


Fig. 47. Double-entry 
impeller of Rolls-Royce 
Derwent unit. The 



smaller impeller is for 
the low-pressure blower 
supplying cooling air. 
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is of such magnitude that it becomes almost ijnperative to arrange the vanes 
truly radial. Bending stresses in the metal sections are thus avoided ana 
the vanes are stressed solely in tension, but there are concomitant drawbacks. 

The abrupt change of flow direction 
renders the air intake diflieult and may 
lead to incomplete filling of the 
passages between the vanes. Entry 
vanes are provid<*d on the impeller to 
ease the change of flow, and as they 
are located near the hub, the mechani- 
cal stressing is not sulTieient to preclude 
the use of curved vanes. 

More important, however, is 
the fact that the velocity of the air 
leaving a radially vaned impeller is 
higher than the peripheral velocity 
of the impeller. Consequently, a 
practical limit is imposed on the 
peripheral velocity of the impeller by 
the absolute velocity of the air 
which is susceptible, at speeds in 
excess of the speed of sound, to 
compressibility factors which reduce 
ellieieney. 

Outlet velocity can be reduced by 
the use of vanes curved backwardly 
in relation to the direction of rotation, 
as are employed in pumps and fans, 
but considerations of strength \^ill 
enforce a relatively low peripheral velocity. The semi-axial form of 
impeller is an attem})t to circumvent these opposing characteristies. 
Incidentally, it is knowm that considerable trouble was encountered 
on the Heinkel-Hirth design owing to the attached blades coming adrift 
during operation. 

A semi-axial design of some promise by the Swiss linn of Sulzer Frcrcs 
S.A. is shown diagrammatically in Fig. 49. The impeller A has integral 
blades B running obliquely and at an inclination with respect to the axis. 
Blades are curved from inlet to outlet in a direction opposite to the direction 
of ndation and the resultant passages between the blades may vary from 
;U) deg. and 60 deg. to the axis. At least at the outlet edges, the blades 

in service have a peripheral 
speed higher than the velocity 
of sound, but the velocity of 
the compressed air at the 
outlet will not exceed the 
velocity of sound. Conse- 
quently it becomes possible 
to arrange a relatively high 
ratio of compression in a 
single stage without suffering 
a disturbance of flow' at the 
outlet by pressure waves due 
to supersonic velocity. 

Sulzer Semi-axial or ** diagonal ’* ^l^he shape of the blades is 

compressor rotor. such that at any plane normal 


Fig. 48. 


Section of two-stage radial 
compressor. 




Fig. 49. 
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to the axis, say C and D, the cross-section is truly radial, as shown at Cj and 
Di in dotted outline, in order to withstand centrifugal stressing without being 
subjected to bending loads. Modifications of this design have additional 
intermediate blades at the outlet Jor interrupted and staggered blades, all with 
the aim of producing a non-turbulent flow of air at uniform pressure. 

At present the method of varying the output of a radial compressor 
usually entails the use of some 
form of throttling device and is 
aj^t to lead to an undesirable 
back pressure effect. There are, 
however, projected schemes for 
varying the outj)ut w'hieh avoid 
this disadvantage. Blackburn 
Aircraft Ltd., in their variable 
output compressor, Fig. 50, 
form the impeller in two 
j>arts. Part A, consisting of 
a plurality of radially dis- 
posed blades shaj)ed on the entry 
side to conform to the contour 
of the casing, is positively 
located on the driving shaft. 

The dish - shaj)ed ])art B is 
slidably splined to the driving 
shaft and is slotted to permit it 
to be moved axially over the 
radial blades of part A. In the 
position shown in the upper half 
of the diagram, ])art B is in th(* Fig. 50. Variable output radial compressor 
limit ])osition exposing the maxi- by Blackburn Aircraft Ltd. 

mum area of the impeller blades 

for maximum output. In the lower half, })art B has been moved to the 
opposite limit reducing the oj>erative area of the blades for a minimum 
output. Control is effected by means of an annular pressure cylinder C 
which, through the medium of a plurality of rods and a yoke engaging 

ball thrust races on an ex- 




tension sleeve, axially moves 
part B to determine the effec- 
tive area of the impeller 
blades and consequently the 
output. This particular design 
was intended for a super- 
charging blower for conven- 
tional engines. 

An automatic control 
arrangement. Fig. 51, is pro- 
posed by tlu* British Tliomson- 
Ilouston Co., Ltd., to main- 
tain the operating efficiency 
of radial compressors under 
vaiyung load. It is known 

Fig. 51. Flexible diffuser vanes 
for automatic control of B.T.H. 
compressor. 
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that the pressure increases as the flow decreases, and this characteristic is 
exploited to adjust the diffuser vanes and thus vary the shape of the 
diffuser passages. The diffuser vanes A are hollow and eonstructed with 
the closed inner ends in the form of curved, flexible tips H which are 
unattached to tlie easing wall, as shown at C. At the outermost ends the 
vanes are open to the region of higher pressure in the discharge scroll. 
The flexible tips are subjeeted to the pressure produced and tend to 
straighten after the manner of a Bourdon tube in a pressure gauge. Thus, 
as the load decreases the pressure increases at the discharge ends of the vanes, 
the flexible inner ends of the vanes straighten somewhat to move closer to the 
adjacent vanes, and the diffuser inlet area is thereby lessened. 

Axial Compressors 

Although of quite distinct character, the axial compressor is subject to 
the same laws and limitations as the radial type. The line of flow is relatively 
more direct but at each stage the air must be accelerated in the direction of 
rotation and then re-directed to the appropriate angle of attack for the next 
stage. It is not practical to obtain the same pressure ratio per stage and an 
approximate figure of 1 : 1 .25 may be noted for the axial type. The trend, 
therefore, is to cmj)loy a relatively large number of stages and maintain the 
rate of acceleration in individual stages at an etiicient level. Regarding each 
rotor blade as an airfoil, this is ecpiivalent to avoiding a high lift coelficient 
and serves to show the intimate relation between mechanical and aerodynamic 
practice. Actually, the axial compressor has been brought rapidly to its 
present state of practical ellicicncy by tlie application of aerodynamic 
knowlcdgci and by experiment and testing in aerodynamic laboratories. 

To transfer the huge volumes of air re(|uired for turbine plants in a com- 
pressor of reasonable dimensions and weight the blading demands as much 
care in design as the w ing or airscrew blade of a high-speed aircraft. Entry 
shock must be avoided, Mach numbers must be kept down and every effort 
made to prevent boundary layer separation and turbulence. As in the 
normal airscrew blade, the compressor blade must have a varying angle of 
attack to compensate for the increasing linear velocity from root to tip. 

The Germans claimed an efliciency on test of 85 per cent, for their axial 
compressors, but probably 77 to 78 per cent, was realised in o])eration. 
Delivery volume can be raised by increasing rotational speed and axial 
velocity but important factors limit development on these lines. Apart 
from mechanical problems there is the effect on the air stream to be considered. 
Centrifugal force may uj)set the stability of the boundary layc'r at the blades 
and thus create operational ditliculties and even j)ossibly lead to blade stalling. 
It will be noted that rotational speeds of axial compressors arc usually lower 
than those successfully employed for radial flow^ types. An exce])tion is the 
Westinghouse Yankee jet unit in which the axial eomjnessor rotates at 
18,()()() r.p.m. 

The profile of the annular intake duct to the compressor is of special 
importance. As in other components some compromise is necessary as it is 
difficult to reconcile the conflicting characteristics at low and high aircraft 
speeds. When stationary or taking-off there is a tendency for the flow' to 
separate from the inner cone, whilst at high speed the danger of separation 
occurs at the outer contour. It has been found of advantage to maintain a 
constant cross-sectional area approximately ecjual to the area of the com- 
pressor intake. 

Three stages constitute a probable minimum for an axial compressor, but 
at the other extreme the number of stages may run to double figures. The 
German Junkers jet plant has an eight-stage compressor and the B.M.W. a 



GAS TURBINE COMPONENTS 


57 


ENTRY GUIDE ROTOR STATOR DISCHARGE 

VANES BLADES BLADE'S GUIDE VANES 


seven-stage unit. The same firms had projected designs with eleven- and 
twelve-stage compressors. (See Chapter VII). In Britain the Metropolitan- 
Viekers and Armstrong-Siddeley jet engines have respectively nine and 
fourteen-stage axial compressors. 

A diagrammatic 
section, Fig. .52, shows 
the disposition of parts 
in a hve-stage axial com- 
pressor. The casing is 
usually cylindrical and 
reduction of the annular 
working space is achieved 
by the use of a 
rotor drum increasing 
in diameter from entry 
to discharge. Eleven 
rows of blading are shown 
as both entry and dis- 
chaigc guide vanes are 
provided, although dis- 
charge vanes and, less 
commonly, entry vanes 
may be omitted in cer 
tain designs. The rotor 



Fig. 52. 


Diagrammatic arrangement of a fi /e-stage 
axial compressor. 


is built up of five discs, but in an alternative type discs are employed 
only at each end and mtervemng blade rows are carried on a series of rings 



Fig. 53. Assembled rotor of Westinghouse six-stage 
axial compressor. 
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registering on each other and the end discs to form a liollow rotor drum. A 
completely assembled and balanced rotor for the six-stage Westinghouse 
compressor being checked for truth of shaft diameter, is shown in Fig. 53 , 
Rotor discs may be of steel or light alloy and will probably decrease in 
width from low-pressure to high-pressure stages as they accommodate blades 
of diminishing chord. Steel or light alloy blades are machined to profile 
from individual forgings. Methods of fixing the blades to the disc vary in 
different designs but they are commonly fitted into tee or dovetail slots in the 
periphery of the disc and secured by pins, wedges or screws. The number of 
blades per disc usually diminishes stage by stage from intake to discharge. 
Figs. 54 and 55, showing methods of mounting Junkers and B.M.W. 
compressor blades, respectively, are self-explanatory. 



Fig. 54. Junkers blades are 
axially located by grub 
screws. 


Fig. 55. B.M.W. duralumin 
blades pinned in magnesium 
disc. 


Stator blades to direct the air flow between stages will also be of either 
steel or light alloy and probably be assembled in half-rings for mounting in 
the longitudinally-divided light alloy compressor easing. They may be 


CLEARANCE 



Fig. 56. Method of fixing stator 
blades of B.M.W. compressor. 


machined from forgings, folded from 
sheet material, developed from tubes 
or, in the case of stec*!, even cambered 
from a single sheet. The easing of the 
B.M.W. compressor is not divided and 
the }>ressed duralumin stator blades 
are built uj) in inner and outer rings 
of magnesium alloy. Both rings are 
slotted to receive the blades, which 
are bent and spot-welded to the inner 
ring, but allowed fre<*dom to expand 
in the outer ring, as shown in Fig. 56. 
The stator rings are loosely positioned 
on the rotor assembly, inserted in the 
casing and located by radial set 
screws. 

Earlier reference was made to 
the relatively narrow operational char- 
acteristics of the axial compressor. 
It is this factor which makes desirable 
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a “ bullet ” to control the effective cross-sectional area of the terminal jet 
orifice. The blades of an axial compressor tend to stall at low thrust and 
consequently a bullet, which would probably be a disadvantage if used in 
conjunction with a radial compressor, becomes of practical value. German 
jet engines employ bullet control devices which, severally, have two positions 
for idling and power, four positions for starting, take-off, cruising and high 
speed, and continuous variation determined by the throttle lever and the 
pitot liead pressure. 

A too-rapid opening of the throttle from idling to maximum position 
may lead to violent acceleration of rotational speed and stalling of the 
compressor blades. Should this occur complications may follow rapidly as 
air delivery falls, air/fuel ratio is changed, combustion conditions become 
unstable and gas temperature at the turbine becomes excessive. In Germany 
governed control devices have been fitted, ensuring that the period of 
acceleration from low to maximum r.p.m. is not less than a predetermined 
minimum of several seconds to avoid this contingency and the consequent 
danger of loss of flying speed and damage to the power unit. 

Such a limitation, not necessary on a unit embodying a radial compressor, 
constitutes a handicap in combat performance. To lessen the tendency to 
stalling by increasing the number of stages and lowering the blade loading, 
implies an increase in the inertia of the rotor, which militates against rapid 
acceleration. Doubtless the handicap will be removed as a result of continued 
development of the axial type. 

An axial compressor with fixed blading has only a limited range of air 



Fig. 57. Brown-Boveri experimental axial compressor 
with adjustable pitch blading. 

delivery volumes. With adjustable rotor blades, however, it could be 
regulated to deliver any volume from zero to maximum, and pressure from 
zero to maximum at constant speed. Such an innovation would be as 
important as the variable pitch airscrew has proved to be in normal aircraft 
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propulsion. Fig. 57 shows tlie rotor of an experimental three-stage, hign- 
speed compressor of this type, built by Brown-Boveri for test purposes. 
The blades can be adjusted between 0 deg. and 45 deg., whilst running, and 
normal maximum air delivery is 6,395 eu. ft. per minute at a pressure of 
2.1 atm. (30.9 Ib./sq. in. absolute) at 7,800 r.p.m. 

Another method of regulating the output of a multi-stage axial compressor 
is proposed by the Junkers Co. According to this scheme one or more rings 
of rotor blades are disconnectably mounted on the rotor shaft and are allowed 
to run idly in the air stream for reduced delivery. Further, one or more sets 
of stator blades are disconnectably mounted in the easing and similarly may 
be allowed to rotate idly for reduced output. Diseonneetable rotor and stator 
blade rings may be embodied in the same design. When the rings are un- 
coupled they assume a speed at which the blades arc in the inoperative position 
in relation to the flow of air through the compressor. Tlie cliange of speed is 
relatively small, which is advantageous as the elutcliing elements liave to 
absorb only small mass forces when brought into operation. 



Fig. 58. Junkers proposal for regulating output by diseonneetable stator and 

rotor blade rings. 

The principle is shown in purely diagrammatic form in Fig. 58. Hot or 
blades are built on to rings A mounted tor rotation on needle rollers B on 
rotor shaft C. They may be clutched to the shaft by means ol a pair of bell- 
crank levers D, pivoted inside the hollow shaft and actuated by a slidable 
collar E. 

Stator blades are similarly built on rings F rotatable on rollers G in 
casing H. One means of clutching them to the casing is by screw clamping 
devices, as indicated at J. Actuation may be arranged in any suitable mannei 
with mechanical, hydraulic or electro-magnetic clutches. 

Turbines 

Making use of convenient and not unreasonable ajiproximations, a jet 
propulsion engine will deliver approximately 50 lb. thrust for every pound of 
air flowing through tlie unit per second. To drive a modern rotary compressor 
approximately 1 00 h.p. is necessary for each pound of air delivered per 
second. It follow^s that in a unit developing 2,500 lb. thrust tlie turbine 
driving the compressor must produce about 5,000 h.p. This estimate is 
revealing, as it shows an expenditure of energy greater than that of a pair of 
conventional piston engines of high power output and indicates why 
performance of a jet-propell d aircraft is so outstanding and why the rate 
of fuel consumption is relatively heavy. In short, the jet engine is a 
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nigh-powered unit. Furthermore, it makes clear why the respective com- 
ponent efficiencies are so important. Lecturing before the Institution of 
Mechanical Engineers in 1939 Dr. Adolph Meyer showed that an increase in 
the overall efficiency of the compressor and turbine from 70 per cent, to 
75 per cent, would raise the cycle efficiency from 15 to 18 per cent., 
representing a 20 per cent, improvement. Every one per cent, increase 
meant, therefore, an improvement of about 4 per cent, in the cycle 
efficiency. 

Turbines may be of the single-stage or multi-stage type but it must be 
remembered that a loss occurs at each stage and consequently there 
is advantage to be gained by using only a single stage providing the 
requisite output can be obtained. This implies high speed of rotation 
and will tend to confine the use of 


a single - stage turbine to units 
employing a radial compressor. At 
the present level of development a 
single-stage turbine can provide all 
tlie power necessary to drive a 
single-stage radial compressor. It 
is lighter, simpler to manufacture 
and more efficient. Multi-stage 
turbines are more applicable to axial / 

How compressors, which operate at j 
lower speeds of rotation, and are ( 
also convenient for turbine-driven \ 
airscrews w^hcre one stage can be N 
used to drive the compressor and ' 
the other the airscrew. A single- 
stage turbine in conjunction with 
a single-stage radial compressor is ..... ^ 

the &inii)lest combination for a jet 59. blade root fixing 

propulsion enpne. The Rolls-Royce 
and de Havilland designs of this 

type will demonstrate this when compared with, for example, the German 
Junkers and B.M.W. jet engines. The performance of these British power 
units in the record breaking Meteor and the Vampire aircraft respectively 
will confirm their relative efficiency. 

In British practice turbine blades are fully machined from individual 
forgings to the closest limits for shape and dimensions and each is subject 
to what is virtually a laboratory examination. Blades are furnished with 
profile ground “fir-tree” roots which are pressed into slots broached in the 
periphery of the disc and secured by peening on each side, as on the de 
Havilland (Joblin turbine. Fig. 59. Produced to close limits of weight, 
each blade is weighed on a momentum balance, marked to the amount plus 
or minus of the standard and stored accordingly. Sets of blades are 
selected, greased, inserted in the previously balanced rotor and peened 
in a fixture equipped with small compressed air riveting hammers. After 
a final operation to align the blades the assembly is degreased and then 
dynamically balanced. Balance is redressed by the removal of blades and 
the substitution of other blades having a corrective weight. Usually the 
rotor assembly includes the shaft as it has been found that in bolting 
up the disc to the shaft the balance may be upset. The Rolls-Royce 
Derwent turbine wheel with shaft and half-coupling is shown in Fig. 60. 

Similar materials and methods of production are employed for the guide 
vanes of the turbine nozzle. As, however, the vanes are stationary and 
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not subjected to stressing by centrifugal force, they may be precision casi 
by the “ lost-wax ” process. This is the method used by Rolls-Royce. 

Vanes are fitted in helical 
slots in the periphery 
of the inner ring and 
secured by side clamp rings. 
On the side adjacent 
to the rotor the clamp 
ring may incorporate one 
half of the labyrinth sealing 
device between nozzle and 
turbine blades. As the 
vanes are continuously 
exposed to the combustion 
gases at maximum tem- 
perature they are permitted 
freedom of expansion in 
the radial direction and 
are only guided in the outer ring slots. These features are to be seen in 
the Derwent nozzle ring assembly, Fig. 61. 

German designers also employed solid blades but, faced with the necessity 
under war conditions of drastically curtailing the expenditure of vital alloying 
material, developed blades fabricated from sheet or tubular stock with 





Fig. 61. Nozzle ring of Derwent turbine, showing 
radial clearance of vanes. 

considerable success. Junkers, B.M.W. and Heinkel-Hirth each had 
different designs of fabricated blades and each had a different method of 
fixing. For the Junkers 004 the blade is pressed from taper-rolled austenitic 
steel sheet, folded and welded at the trailing edge. The root of the 
thicker section, of course, is formed into a rhomboidal socket and fits over 
a projecting stud of the same shape on the periphery of the disc. It 
is secured by shear pins, as in Fig. 62, and brazed. 

The B.M.W. blade is also of tapered sheet, welded at the trailing 
edge, but furnished with a duplex bulb root which is fitted in a slot in the 


GAS TURBINE COMPONENTS 


63 



Fig. 62. Hollow blades 
of Junkers turbine are 
pinned and brazed to 
the disc. 


disc and secured by wedges and pins. Inside the blade is mounted a 
hollow deflector of similar profile to direct the flow of cooling air along the 
interior of the blade wall. This air is discharged at the blade tips and joins 
the main gas flow, so is necessarily at a relatively high pressure. The 
deflector is retained by a pin fitted in the lower 
bulb to prevent it collapsing. When slipped into 
the slot the blade is keyed by two pins at the 
neck between the bulbs and a pair of triangular 
section wedges- engaging the upper bulb, as in 
Fig. 63. These, it is claimed, tighten on the 
bulb under the influence of centrifugal action. 
Side plates position the blades axially. 

Wliat appears to be a more attractive 
design of hollow blade is featured on the 
Heinkel-Hirth turbine. It is produced by deep- 
drawing austenitic steel to form a closed-end tube, 
which is then profiled and shaped at the closed, 
root end. The root is reduced in width to permit 
the passage of the anchor pin and furnish apertures 
for the admission of cooling air to the interior. 
Stages in the manufacture of the blade are 
shown in Fig. 64. When mounted on its 
anchor pin in the grooved turbine disc, the blade 
is free to hinge about the pin. Freedom of move- 
ment is limited by spacers located between 
adjacent blades. 

Stator blades for the nozzle ring are also hollow and air-cooled in German 
designs. Usually the cooling air is discharged through slots in the trailing 
edge. For satisfactory cooling of both 
stator and rotor blades 5-7 per cent, 
of the compressor output may be re- 
quired, and this constitutes a material 
disadvantage. 

lender the stress of their war 
emergency, the Germans investigated a 
variety of constructions and materials 
with the aim of making permissible 
higher gas temperatures at the turbine. 

A serious effort made to produce a 
ceramic blade was unsuccessful, due 
to the low mechanical strength of 
the material. There would, however, 
appear to be a reasonable prospect of 
developing this type for the less highly 
stressed entry vanes and interstage 
stator blades. 

The Swiss firm Brown -Boveri 
has patented a turbine blade which is 
part metal and part ceramic. By em- 
ploying the technique of powder mctal- 
lurgy the material is distributed so that 
the root of the blade is 100 per cent, 
metal and the tip 100 per cent, ceramic. Details of the practical development 
of a blade of this type are not yet available. Similar experiments have been 
carried out in British research establishments. 
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deflector 

STEEL WEDGE 
STEEL PIN 

STEEL PIN WELDED 
INTO BLADE ROOT 

TURBINE WHEEL 


Fig. 63. Bulb root fixing of B.M.W. 
hollow turbine blade. 
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Although not applied to aircraft units, interesting results were obtained 
from experimental internally water-cooled turbines. One (German single-stage 




Fig. 64. Development of Heinkel-Hirth tubular turbine blade and method of 
mounting on the rotor. 


unit operated satisfactorily at 12,000 r.p.m. with a gas temperature of 
1,200 dog. C. The blades were integral with the drum and drilled with 
several blind holes, as indicated in the diagram, Fig. C.l. The cooled 

water fed to the interior of 



Fig. 65. 



Schmidt experimental water cooling 
system for turbine blades. 


the drum is, in operation, 
flung radially outwards to the 
blades, the hottest region. As 
the water in the holes becomes 
heated it becomes less dense 
and thus a pressure differen- 
tial is creatc^d. A core of cold 
water from the drum flows 
out to the tip of the blade, 
displacing the hot water in 
contact with the wall of the 
hole. If water-cooled stator 
blades were employed, it has 
been estimated, a turbine of 
this type could be operated 


eontinuously with a gas temperature of 1,,>()() deg. C. >et a blade tem- 
perature of only approximately .500 deg. C. 


CHAPTER V 


COMBUSTION SYSTEM : FUEL EQUIPMENT : CONTROL. 

S o marked is the tendency to regard the gas turbine as a “ compressor- 
turbine ” combination that the combustion system commonly receives 
less attention than is merited. It is fruitless to attempt a precise relative 
importance as all components are essential and functionally interdependent. 
Nevertheless, it is a truism that the effit'ieney and performance of a turbine 
power unit are materially influenced by the combustion system employed. 
Gennan compressors and turbines were not markedly inferior to British com- 
ponents but tlieir less highly developed combustion systems were reflected 
in lower performance, higher specific fuel consumption and decidedly shorter 
working life. 

Basie recpiirements for a satisfactory system are a high rate of burning, 
minimum pressure drop, small bulk and light weight. It must be consistent 
in operation over a wide range of loads and altitudes, with no liability to flood 
with fuel or conversely to “ blow out.” Starting must be easy and positive 
both on the ground and in the air and combustion must be complete to avoid 
formation of carbon. 

Entirely new probU'ins Avere ]m‘sented by the aircraft gas turbine. For 
the release of the necessary heat values at the requisite rate of burning there 
was no precedent. Steam boilers, industrial furnaces or even heat -treatment 



Fig. 66. Component parts of a combustion chamber. A complete assembly is 

shown on the right. 

furnaces are not required to release heat at I he rate demanded by the gas 
turbine and are not handicapped by severe limitations in respect of weight 
and space oeeu])ied. In a light tubular combustion chamber of fabricated 
sheet steel, which by ordinary furnace standards would be regarded as 

E 6.5 
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flimsy, it is already possible to release more than 300,000 heat units per minute. 
To quote one example only of a power unit in regular production will be of 
interest. The Rolls-Royce Nene has nine combustion chambers each con- 
suming 81.5 gal of aviation kerosene per hour. The fuel has a calorific 
value of approximately 150,000 BTU/gal, so each chamber releases more 
than 200,000 BTU/min. Expressed in another way, the Nene consumes 
733.5 gal/hr or 12.2 gal/min. This is an expenditure of potential heat 
energy at a rate equivalent to 43,000 horsepower. 

The combustion turbine may be termed a continuous constant-pressure 



Fig. 67. Cascade traverse for measuring airflow pattern at the combustion chamber 

miet. 

engine. To enable the turbine to expand the gases to the desired level the 
pressure at the nozzle guide vanes should be as near as possible to the pressure 
of the air as delivered by the compressor. Fuel cannot be burnt, however, 
unless turbulence is created, and this is only obtained by a drop in pressure 
in tlie primary injection and mixing zones. Thus 100 per cent, efficiency 
would not appear to be jiossible of achievement. Further, as applied to aircraft, 
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:he system must function with the minimum loss of unbumt fuel over a wide 
range of conditions, and thus it is frequently operating below the optimum. 
Despite the difliculties, combustion systems are operating on standard engines 
kvith a total pressure drop of only about 2 Ib./sq. in. 

Lucas Research Work 

Following is a brief description of methods employed at the combustion 
research laboratories of the Joseph Lucas organisation. 

In tackling the problem of combustion, four main lines of attack are 
pursued : chemical and physical ; aerodynamic ; thermodynamic and 
meclianical. Knowledge of conditions existing inside the flame tube is only 
possible by the analysis of samples of gas withdrawn from various points. 
It is of importance to determine how far combustion reactions have progressed 
at any point in the flame tube, and consequently care must be taken to prevent 
tliese reactions continuing whilst the sample is being extracted. To secure 
such conditions, the sample is withdrawn through a water-cooled tube, the 
hot gases are rapidly chilled and the reactions brought to a standstill. Sub- 
sequent analysis then shows, as nearly as possible, the composition existing 
at the sampling point at the time of withdrawal. Main gas analyses are carried 
out on the Haldane apparatus, which permits an accuracy of 0.02 per cent. 
Complications are introduced when samples are taken from the primary 
combustion zone as it is possible to have unburnt fuel and cracked ” gaseous 
products as well as cf)mbustion gases. 

Air distribution through the chamber is the subject of detailed study. 
It is intimately dependent upon flow conditions from the compressor, and 
particular care is taken in the design of the delivery duet. Pulsation, surging 
or shock fi;om the compressor delivery would, of course, radically affect com- 
bustion conditions. A special traversing apparatus has been developed in 
the laboratory for investigating the airflow^ at th(‘ compressor outlet. This 
enables yawmeter, pitot-statie tube and temperature traverses to be carried out 
at any position in the })assage. The first measurement is of yaw in two 
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Pig. 68. Goblin chamber 
arranged for test with 
exhaust traverse apparatus. 


thermocouple- 


total HEAD TUBE 
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perpendicular planes. When tliis is ascertained a pitot tube having the appro- 
priate droop is s(*t uji with the correct yaw. 

Velocity cliagiams obtained by this system of airflow measurement are 
visually demonstrated by so-ealled “ pin-eushion ” models. In a base block 
of shape and area corresponding to the section of the delivery passage, 
wires of a scale length to show velocity are set at tlu* appropriate angle to 
indicate flow direction. In the case of a reverse flow in turbulent conditions 
this is represented by a loop. 

Optical methods of investigating airflow are also being developed. It is 
intended to observe flow lines in a cascade box fitted with Perspex sides by 
means of a Schlieren set-up and to record them with an ultra-high-speed 
camera. 

Similar traversing equipment is employed to determine pressure and 
temperature at the opposite end of the chamber, where the gases are delivered 
to the nozzle guide vanes of the turbine. 

Combustion effleieney may be defined as : 

\etu‘»l Temjierature Rise 
Plicoretieal Temperature Rise 

It will be appreciated that extremely careful measurements of air sujiply, 
fuel supply and assessment of ealorifie ^alue are iK*eessary to obtain an 
accurate estimate of the theoretical temperaturi' rise. Traversing instruments 
carrying tliermo-eouples aic used to determine the actual mean tem])eiature 
at both the inlet and outlet of the chamber. At the discharge end the gases 
have a mean temperature of about 800 deg. ( . and a velocity of the order of 
500-000 ft. /see. It is, of course, essential that combustion Ik‘ complete 
before reaching the tin bine nozzle inig. Flame, imbuint fuel, or a stratified 
flow at different tenqieratures would have a most detrimental efieet on the 
turbine blading. 



Fig. 69. Cascade and exhaust traverses on de Havilland Ghost chamber. 
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Flame tubes are of Inconel or Nimonic 80 nickel-chrome alloys, whilst 
the outer casing is usually of mild steel. Apart from obtaining satisfactory 
combustion performance, it is obviously most important to extend the reliable 
working life of the components. Already the life of flame tubes in fully 
developed engines is in excess of two hundred hours. 



No. of 
('liambcrs 

Fuel con- 
sumption 
gal./houT 

Air 

Mass 

Flow 

Ib./see. 

Air/fuel 

ratio 

Experimental 

0 

17.2 

2.3 

60 : 1 

llerwenl V. 

9 

57.0 

7.0 

55 : 1 

Cniost 

10 

67.0 

8.8 

59 : 1 

Nene 

9 

81.5 

10.0 

55 : 1 


Test performance of typical chambers is given in the above table. 

The trend would appear to be towards fewer individual chambers, as 
exampled by the][change from 16 on the Goblin to 10 on the Ghost ; both 



Fig. 70. Main components of B.M.W. 003 annular combustion chamber. 

de Ilavilland units. The only British design to incorporate an annular 
combustion chamber is the Metropolitan- Vickers. This type is a feature of 
B.M.W. and Heinkel-Hirth in Germany and Westinghouse in the U.S.A. 
Inner and outer components of the B.M.W. chamber with the characteristic 
air mixing slots are shown in Fig. 70, whilst Fig. 71, is a section of the 

COOLING AIR TO 



Fig. 71. Diagrammatic section of B.M.W. chamber showing flow path. 
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assembled chamber and indicates the air flow path. An investigation of the 
characteristics of this chamber revealed that air at 160 deg. C. enters at 360 
ft/sec. In the main combustion zone, prior to dilution, the temperature is 
798 deg. C. and velocity 240 ft /see, but aft of the mixing slots temperature 
is lowered to 750 deg. C. and velocity increased to 310 ft/sec. 

This “ slot -mixing” principle is also used on the six individual chambers 
of the Junkers 004 jet unit. The flame lube, mounted co-axially in the 
chamber, has vanes at the forward end to impart a swirling motion to the 
combustion air into which the fuel is injeeted upstream. Passing rearwardly 
through slots defined by hollow bars the combustion gases are mixed with 
the cool dilution air in the main easing before reaching the turbine inlet. 


Fig. 72. Diagram showing flow 
path of Junkers combustion 
chamber. 


Descriptions of the combustion systems of a variety of units will be found 
in relevant (liapters VI, VII or VIII. 

Fuel Characteristics 

For aircraft gas turbines fuels having a high calorific value per unit 
volume are most desirable, as weight can be accommodated more readily 
than bulk in modern high speed aircraft. 

The specific gravity and calorific values of various petroleum fuels are 
given in the accompanying table. It will be seen that, if a gas turbine could 
run on heavy Diesel oil ” or boiler fuel,” there would be an improvement 
in volumetric fuel consumption of the order of 15 per cent., compared with 



FUEL 

SPECIFIC 

GRAVITY 

CALORIFIC 
VALUE (net.) 

RATIO TO 
P.B.O. 

RATIO TO 
100/1.30 GH.4DE 



B.T.l^/lb. 

B.T.U./gal. 

Per 11). 

Per gal. 

Per lb. 

Pei gal. 

100/180 Grade ... 

0.720 

18,940 

136,580 

1.021 

9,081 

1 

1 

Cumene 

Safety Fuel Aik. 

0.862 

17,820 

153,600 

0.960 

1.02 

0.940 

1.124 

Bottoms 

RDE/SF/1 ISO 

0.750 

18,820 

141,160 

1.014 

0.9386 

0.9936 

1 .034 

Dodeeane 

0.771 

18,740 

144,460 

1.009 

0.9605 

0.9891 

1.058 

Pool Burning Oil... 

0.810 

18,560 

150,390 

1 

1 

0.9802 

1.101 

Pool Burning Oil... 

0.801 - 
0.806 

18,590 

148,950- 

149,880 

— 

— 

— 

— 

Gas Oil 

0.850 

18,260 

155,230 

0.9836 

1.032 

0.9641 

1.136 

Light Diesel Oil ... 

0.870 

18,050 

157,040 

0.9722 

1.044 

0.9529 

1.15 

Heavy Diesel Oil... 

0.910 

17,980 

108.630 

0.9684 

1.088 

0.9492 

1.198 

Boiler Fuel 

0.973 

17,800 

173,160 

0.9586 

1.1514 

0.9395 

1.268 
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the present fuel used, variously termed “ paralHin,” “ aviation kerosene ” 
and “ pool burning oil.” Unfortunately, apart from undesirable features 
connected with the combustion of the heavier fuels, it appears that P.B.O. is 
the heaviest fuel we can expect to get with a freezing point in the region of 
— 50 degrees C. 

Clean fuel is essential for satisfactory operation in view of the fine working 
clearance of the injection components and the relatively restricted passages 
m the burners. In Britain the tanker vehicles employed for refuelling jet 
aircraft are equipped with Streamline filjers to prevent the transfer of foreign 
matter to the aircraft tanks. As paraffin has virtually no lubricating pro- 
perties and, in fact, has a scouring action, it is customary to make an addition 
of 1 per cent, of lubricating oil to the fuel to ensure satisfactory operation of 
the injection system. 

Fuel Injection Equipment 

There is, of course, a wide range of components employed for the injection, 
automatic regulation, and control of fuel supply to the various turbine units. 
Those developed by Joseph Lucas in collaboration with Rolls-Royce may be 


BAROMETRIC 
PRESSURE 
CONTROL VALVE 


SPARK 

PLUG 


P.LOT 

BURNER 



H P SHUT-OFF COCK 


Fig. 73. Diagrammatic layout of Nene fuel system. 
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cited as typical. A diagrammatic layout and connections of the fuel system 
of the Rolls-Royce Nene is given in Fig. 73. The provision of two high- 
pressure pumps in parallel is merely to obtain the requisite high rate of delivery 
from standardised units and involves no operating principle. 

The seven plungers of this positive-displacement pump reciprocate in a 
rotor running in a carbon bush and a roller race and driven from the engine 
by a splined quill shaft. The bores for the plungers are spaced evenly around 
a pitch cone concentric with the rotor axis and converge towards the inner 
or pumping end. Reciprocation of the plungers is effected by means of a 
cam plate engaging the outer ends of the plungers. The cam plate is carried on 
a large-diameter ball bearing mounted in a control ring swivelling on a pair 
of trunnion pins set at right angles to the rotor axis. By varying the angle of 
the plane of the cam plate relative to the rotor axis from 90 deg. to 81 deg. 
the stroke of the plungers is varied from zero to approximately 10..5 mm. 
Retraction of the plungers on the inlet stroke is ensured by helical springs 
located against the reduced inner ends of the bores. 

At its inner end the face of the rotor is ground Hat and smooth to make a 
pressure-tight seal with a valve insert furnished with two kidney- shaped 
ports communicating resj^eetively with the pump inlet and the pump delivery. 

Parallel with the rotor axis is a bore in which the pressure- control piston 
operates. The piston rod is connected by a link to a lug on the control ring. 



Fig. 74. Fuel pump. 

I, Plunger , 2, Kotor ; 3, Carbon bush , 4, Quill shaft , 5, Cam plate ; 6, Control ring , 7, Trunnion 
pin ; 8. Inlet strainer , 9, Ported valve insert ; 10, Delivery connection ; II, Pressure control piston , 
12, Restricting orifice , 13, Plate valve , 14, Rocker, 15, Radial holes in rotor , 16, Diaphragm , 

17, Bleed valve. 

and concentric helical springs bias the piston to move the control ring to the 
position for maximum stroke of the pump and eonscfiuently maximum output. 
From the delivery side of the pump, fuel under pressure is applied below the 
piston in opposition to the springs and also, by way of an adjustable restricting 
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orifice, above the piston. From this space above the piston, fuel can escape 
by way of a plate valve which is normally held to its seating by a spring- 
loaded rocker. By this means the fluid forces acting on the piston are balanced 
and there is no resulting movement. Should, however, the fluid pressure 
exceed a value determined by the spring loading of the rocker, thfe plate valve 
will be lifted from its seating and the flow through causes a pressure drop to 
occur across the restricting orifice and creates a state of unbalance. Under 
this influence the piston moves to a new position, reducing the stroke of the 
plungers and consequently the output of the pump. 

Incorporated in the pump is a hydraulic mechanism to limit the pump 
output, and consequently the engine speed, to a predetermined maximum. 
In the rotor are seven radial drillings extending from the maximum peripheral 
diameter to an axial bore which is in free communication with the suction 
chamber of the pump. In operation, centrifugal force produces in the drillings 
a pressure difference which results in the fuel in the pump casing surrounding 
the rotor and also in the space above the diaphragm being maintained at a 
pressure higher than obtains in the suction chamber. This pressure difference 
IS utilised to move the diaphragm, against the constraint of a helical spring 
111 tension, so that it depresses the rocker and unloads the plate valve. The 
pump output is then reduced in the manner already described. The spring 
loading of the diaphragm is readily adjustable so that the engine speed at 
which the governing action begins may be set with accuracy. 

The loading of the springs on the control piston, opposing the movement 
of the cam plate to the zero position, is so arranged that the minimum pressure 
at the burners when the governor is in operation is more than adequate to 
maintain atomisation of the fuel. The possible extinction of the flame due to 
go\ernor action is thereby prevented. Should the rotational speed of the 
engine be lowered by “ throttling back ” and reducing the fuel supply to the 
burners, tlie pressure acting on the diaphragm is reduced until contact between 



Fig. 75. Barometric Pressure Control Unit. 

I, Capsule chamber , 2 , Valve chamber ; 3, Pivot plate , 4, Rocker , 5, Half-ball , 6, Orifice , 7, Filter ; 
8, Diaphragm , 9, Piston , 10, Operating rod , II, Eccentric adjusting sleeve , 12, Barometric capsule , 

13, Vent to atmosphere. 
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it and the rocker is broken and the plate valve is re- seated ; pressure above 
the control piston is restored and the cam plate is moved to increase the stroke. 
It is essential for correct functioning of the pump that no air is allowed to 
accumulate on either side of the diaphragm, and a ball-type bleed valve is 
provided to evacuate air from both upper and lower spaces. 

Barometric Control Unit 

As flying altitude is increased it is necessary to reduce automatically 
the delivery of fuel. The barometric pressure control unit varies the delivery 
pressure of the pump in accordance with change of altitude. As the pressure- 
control piston of the pump is connected to the earn i)late, the stroke is varied 
and the delivery flow of fuel adjusted t ) specific requirements. 

Constructionally, the unit comprises a body divided into a capsule 
chamber and a valve chamber by a diaphragm which isolates the two chambers 
and serves as a pivot plate to which is secured a rocker lever extending into 
both. The barometric capsule is mounted with its lower pivot seated in 
one end of the rocker lever and its upper pivot located in an adjustable screw 
mounted in the chamber cover. 

The other end of the rocker lever is loaded by a spring and carries a 
half-ball seating on an orifice supplied with fuel at servo pressure from above 
the pressure-control piston of the pump. Control of the rocker lever is by 
fuel at delivery pressure from below the pressure-control piston. Pressure 
is applied to a rubber diaphragm and transmitted by a small piston and an 
operating rod, the upper end of which abuts the end of an adjuster screw 
in the rocker arm. These components are mounted in the base of the chamber 
in an eccentric sleeve to enable the end of the rod to be moved across the 
face of the adjuster screw to alter the operative distance from the fulcrum 
point of the lever. The valve chamber is in open communication with the 
inlet side of the pump. 

Should the force applied by the pum[) delivery pressure exceed the spring 
loading the rocker lever will pivot, lift the half-ball from the orilice and allow 
servo pressure fuel to spill into the valve chamber. This unbalances the 
pressure-control piston, which moves to reduce the stroke of the pump. 
Consequently the pump output decreases, and the delivery pressure is lowered 
until it just suffices to balance the spring load. Balance is maintained by a 
small spill past the half-ball. A fall in pump delivery pressure allows the 
spring to seat the half-ball, closing the orifice and, in turn, increasing the pump 
stroke. 

The barometric capsule exerts a force which assists the pump delivery 
pressure to oppose the spring load. At ground level the force is determined 
by adjustment of the upper pivot screw which compresses the capsule. As 
altitude is increased and barometric pressure falls, the capsule tends to 
lengthen, and tlie pressure exerted on the rocker lever becomes greater. 
The spring load remains constant, and consequently the pump delivery 
pressure reduces until a balance is reached. 

As the barometric control unit is mounted on the wheel -case on the 
front of the compressor casing it is inside the nacelle and consequently 
responsive to the ram effect at speed as well as altitude and local atmospheric 
conditions. 

From the pumps the fuel is delivered -to the pilot’s throttle valve, a 
manually -operated variable orifice, and thence to the high-pressure cock, 
also manually operated by the pilot to cut the supply to the burners and so 
shut down the unit. On the throttle valve is an adjustable by-pass through 
which fuel flows to maintain the engine running at idling speed when only 
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the throttle valve is closed. A pressurising valve is inserted between the 
high-pressure cock and the ring manifolds supplying the burners. This is 
merely a spring-loaded, conical-seating plunger which at low pressure and 
volume is closed to ensure that all fuel is delivered by way of the small- 
diameter pilot manifold. As pressure builds up the valve is lifted against 
its spring to admit fuel to the larger diameter main manifold. Incorporated 
with this unit is the spring-loaded dump valve. In operation, even at 
idling speeds, the fuel pressure closes this valve, but when the high-pressure 
cock is shut off and pressure falls, it opens automatically to drain the manifolds. 

Duplex Burners 

The provision of duplex fuel burners is to ensure, without resort to 
abnormally high pressures, a completely atomized fuel spray at the low 
rates of flow occurring when cranking for a start and also under high-altitude 
conditions. Separate connections from the pilot and main manifolds are 
taken to each burner. Under reduced flow conditions all the fuel is delivered 
to the pilot atomizer. It passes through helical grooves cut in the face of 
a conical plug to reach the swirl chamber, and is projected as a finely atomized 
conical spray. 

At the substantially higher rates of flow during normal operating con- 
ditions, the pressurizing 
valve is lifted and fuel is 
delivered to both the pilot 
and the main manifolds. 

The pilot flow continues as 
before, whilst fuel from the 
main manifold passes to an 
annular space surrounding 
the housing of the primary 
swirl cone. Through a 
series of holes in the ring 
element in which the prim- 
ary swirl cone is seated the 
fuel reaches the swirl plate 
having a number of tangen- 
tial slots communicating 
with the central swirl cham- 
ber. Here the jnimary and 
main flows mix and pass 
out of the final orifice. The 
functions of a particular 
burner may be readily ad- 
justed by substituting a 
swirl plate of different thickness which, of course, alters the volume of the 
swirl chamber. 

Flame Igniters 

A minor problem of ignition is the location of the sparking plug in 
relation to the fuel spray. To secure an effective position the end of the 
plug was usually more or less exposed to the heat of combustion and liable 
to suffer accordingly. The larger diameter of the Nene combustion chambers 
intensified this problem, but a solution was found in the provision of 
what is termed the flame igniter. This is a small self-contained unit em- 
bodying a special low-pressure atomizer and a sparking plug. Fuel at the 
low pressure supplied by the booster pump to the inlet side of the high-pressure 




Fig. 76. The duplex burner ensures thorough 
atomization of fuel at all rates of deliver/. 
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pumps is piped to the igniter and controlled by a Messier solenoid-operated 
valve. Normally this valve is closed, but at appropriate timing in the 
starting cycle the solenoid is energized and fuel ^io^\s through the atomizer 
and is ignited by the sparking plug. A flaming jet of fuel, as from a blow 
torch, is then projected into the main fuel spray from tlie burner. The 

ends of both atomizer and 
sparking plug are shrouded, 
and in any case are only ex- 
j)osed to the secondary air in 
the annular space between 
the flame tube and tlie outer 
casing of the combustion 
chamber. One igniter is sulli- 
cient for a complete engine 
unit, but two are fitted to 
coverall eventualities. From 
the t^\o combustion cham- 
bers fitted with flame igniters 
combustion is propagated to 
other chambers through the 
usual connecting pi]K*s. The 
igniters, of course, only func- 
tion for a brief periocl \Nheu 
starting and during normal 
operation are completely cut 
off. 

Fig. 77. Flame igniters are fitted to two com- For military machines it 

bustion chambers only. necessary to make arrange- 

ments for exceptional condi- 
tions during aerobatics. Accordingly, the fuel tank is fitted with an in- 
verted-flight valve to ensure an uninterrupted supply of fuel to the jet 
unit under conditions of “negative g.” Fig. 78 shows the flow' undtr 
two different conditions. At about mid-height, the tank has a horizontal 
partition furnished with flap valves closing on the under side. The out- 
let tube has a lower orifice on the tank base and an upper orifice adjacent 
to the partition. Over the tube slides a sleeve actuated by a weight and 
linkage to control tlie lower orifice. In normal operation the sleeve is raised 
by the weight and fuel flows through the flap valves in the partition and 
through both upper and lower outlets to the Self-Priming booster pump. 





Fig. 78. The inverted-flight valve m the fuel tank. (Left) normal conditions. 
(Right) “ negative g *’ conditions. 
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ACCUMULATOR 


Fig. 79. Goblin fuel and control system. 

lender conditions of “ negative g,” when the fuel tends to surge to the top 
of the tank, the flap valves close and some portion of the fuel is trapped in 
the lower compartment. The weight rises, closes the lower orifice which is 
now exposed, and fuel continues to flow from the upper orifice below the 
partition. 

Starting Cycle 

Starting is effected by a 24-volt electric motor and all necessary opera- 
tions are effected by a timed automatic cycle. When the master switch is 
closed, current is supplied to the booster fuel pump and a warning light glows 
until the rc(piisite pressure is built up. With the throttle closed, depression 
of the starter button brings the clockwork time switch into operation. In 
timed sequence, current is supplied to the ignition coils, flame igniters and 
the starter motor. The motor takes up the drive and cranks the engine at a 
low speed for about 5 seconds, after which a relay closes to allow full excitation 
of the motor. The time switch completes its cycle in 30 seconds and cuts 
off all current. If, however, the engine starts and reaches a predctemiined 
speed prior to this, starter, ignition coils and flame igniters are automatically 
cut out. 

The De Havilland System 

In contradistinction to the method of automatically adjusting the stroke 
of the pump to regulate the delivery of fuel in accordance with change of 
altitude, the de Havilland Goblin employs a constant- stroke pump and an 
automatic control unit, or barostat, to spill excess fuel back to the tank. 
The system is shown in a diagrammatic layout, Fig. 79. 

From the tank the fuel is fed through a filter to a Dowty, seven-plunger, 
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constant-stroke pump which delivers to a control unit embodying a manually- 
controlled, tapered needle type throttle valve. Here the fuel is divided, 
with the main supply passing to a rotary distribution and shut-off cock and 
a second supply through a high-pressure filter to the barostat. From the 
distribution cock the fuel passes through a hydraulic valve under the control 
of an engine-driven, over-speed governor to the starting valve and thence to 
the ring manifold and by individual flexible pipes to the burners. 

Control is by variation of the fuel pressure, and consequently the flow 
at the burners. This is effected by manual operation of the throttle lever 
which adjusts the position of the tapered needle in the control box. Closing 
movement of the needle is limited by an idling stop, so the unit cannot be 
inadvertently shut down by the throttle lever. 

Altitude Control Unit 

The altitude control unit or barostat is a spring-loaded, baromctrically- 
responsive relief valve which varies fuel pressure in accordance with air 
density. A small portion of the spill fuel reaching the barostat has its 
pressure lowered by passage through a reducing valve and then flows past 
a capsule-controlled hydraulic valve to the upper face of a large piston whieh 
serves as a variable datum abutment for the main relief valve spring. As 
the capsule expands at increased altitude the fuel pressure at the back of 
the piston is decreased, thus reducing the loading of the main relief valve 
and permitting more fuel to be spilled back to the tank. In this manner the 
designed air/fuel ratio for specific performance is maintained at all altitudes 

Starting Routine 

The throttle is closed to the idling position, and by means of a second 
lever the shut-off cock is opened. Operation of a push-button closes the 
circuits for the starter motor, the booster coils for the ignition plugs, and 
the time switch. Thereafter the sequence is automatically controlled. The 
motor is operated at low speed through two resistances for five seconds to 
ensure easy engagement. Then one of the resistances is cut out, the motor 
speed increases and the main jet unit is brought to a speed suflieient to raise 
fuel pressure against the closed starting valve. A spring-loaded accumulator 
in the fuel line between the governor and the starting valve is charged with 
fuel, and when a predetermined pressure is reached the starting valve lifts 
and is then retained in the open position by a spring-controlled safety catch. 
Fuel then passes to the manifold and the burners and ignition is effected. 

Simultaneously, a pressure-actuated switch in connection with the fuel 
manifold cuts out the second resistance, thereby releasing more electrical 
energy for the starter motor which continues the drive and assists the 
acceleration of the main jet unit. Thirty seconds after operation of the 
push button the time switch cuts off the motor and the ignition system. 

To stop the unit, it is brought down to idling speed with the throttle 
lever and then shut off by the second control lever. Operation of the shut- 
off cock releases the safety catch on the starting valve and opens the dump 
valve, which permits the fuel in the manifold to drain to atmosphere. 

In the event of a false start it might be possible for fuel to accumulate 
in the heads of the three lower combustion chambers. For safety, therefore, 
the lowest combustion chamber is fitted with a valve which opens automati- 
cally when pressure in the chambers falls below 3lb./sq. in. and, through 
the interconnections, drains the affected three lower chambers. 
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METALLURGY : PROBLEMS ASSOCIATED WITH 
TURBINE DISCS AND BLADES 

B y raising the average temperature of the gases, the continuous combustion 
cycle, on which the constant pressure gas turbine operates, demands 
materials with a higher degree of heat resistance than is necessary in a diesel 
or petrol engine which has an intermittent combustion cycle. Moreover, 
the speed with which the gases pass through a gas turbine creates special 
problems of erosion. The steel selected must not be subject to oxidisation, 
corrosion or scaling and not prone to “ creep ” or “ growth ” following 
cyclic variation of temperature — that is repeated heating and cooling in 
service. 


Disc Forgings 

By reason of the high speeds of rotation the turbine disc is subjected to 
particularly high stressing. Centrifugal force, tending to burst the disc, varies 
as the square of the velocity, it will be remembered. Thus the centrifugal 
loading of a given disc rotated at 1.5,000 r.p.m. will not be 1.5 times but 
2.25 times the loading at a speed of 10,000 r.p.m. The peripheral velocity 
of a 12in. diameter disc running at 15,000 r.p.m. is 47, 100ft. /min. (535 m.p.h.) 
whilst at the tips of the blades, say 18in. diameter, the velocity is 
70, 650ft. /min. (803 m.p.h.). Fortunately the design of discs rotating at high 
speeds has for years been the subject of intensive study and mathematical 
analysis, particularly in regard to the rotors of steam turbines. Shape and 
dimensions can be determined to meet requirements with relative precision 
but in the case of the gas turbine a new factor is introduced by the higher 
temi)erature of the working medium. 

Many grades of steel possess adetpiate strength in the lower temperature 
ranges but cannot maintain it at elevated tcmj>eratures. In operation there is a 
substantial difference in temperature between the hub and peripheral portions 
of the disc, say 300-350 deg. C., which produces a thermal stress in addition 
to the centrifugal loading. XTsually rotor discs are produced from forgings 
of austenitic steel but de Ilavilland have standardised a disc of ferritic steel. 
It was found that a ferritic steel, possessing higher strength at the working 
temperature of the central portion of the disc and a lower coefheient of 
expansion, enabled a disc of relatively lighter weight and consequent lower 
moment of inertia to be employed. 

To reduce the thermal stressing of the disc and the transfer of heat from 
the disc to the shaft and bearings it is usual to employ some form of cooling. 
Designs have appeared and units have been built having a water cooled, 
disc and water cooled bearings but this system is somewhat anomalous in a 
power unit employing such vast quantities of air and it is usual to cool the 
rotor by a continuous blast of air passing over the face of the disc from 
hub to rim. Rolls-Royce Derw^ent and Nene and de Havilland Goblin 
are examples in which cooling air is applied respectively to one face and 
both faces of the disc. Steel such as Jessop’s (i.l8B have been proved 
satisfactory for turbine discs. This austenitic steel, developed primarily 
by Messrs. D. A. Oliver and G. T. Harris, is being produced for discs of 32in. 
diameter, with a maximum boss thickness of 5jin. The thickness can be 
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increased to Tin. if required. A typical composition of G.18B steel (suitable 
not only for turbine discs, but for blades and nozzles) is : — 


Carbon 

0.4 per cent. 

Cobalt 

10.0 per eent. 

Manganese 

0.8 

Tungsten . . 

. 2.5 

Silicon 

.. 1.0 

Molybdenum 

. 2.0 

Nickel 

.. 13.0 

Columbium \ 

3 0 

Chromium 

. . 13.0 

Tantalum J 


Basic heat 

treatment conditions 

arc three, known respectively as (a) 


“ solution treated,” (b) “ solution treated and aged,” and (c) “ solution 
treated and warm-worked,” the last in order to achieve the highest values 
of proof stress and creep properties at temperatures between 1,300 deg. F. and 
1,500 deg. F. (700 deg. C. to 81.5 deg. C.). 

Certain types of discs have been forged with a short stub-shaft about 
5in. in diameter and lOin. in length, the disc being 22in. in diameter and 
about 4in. thick. William .Tessop & Sons, Ltd., state that there is no limita- 
tion within reason to the length of shaft which can be produced by this 
method, except facilities for obtaining a particular heat treatment. Anotlier 
notable contribution by the same firm to the technique of gas-turbine con- 
struction is the fabrication of G.18B turbine discs flash butt-welded to a lower 
carbon stainless shaft material, the latter having columbium additions and 
being known as Special R.20 austenitic steel. This welding technique is a 
boon where more than one rotor disc is employed and where long shafts arc 
involved. 

Another possibility of interest to designers of axial-flow gas turbine units 
is that of producing solid rotor forgings in (i.l8B steel, with drum diameters 
up to 18in., and ar* axial length of 3ft., increased by integral extension shafts 
to Tft. Special methods of heat-treatment have been developed for such large 
components and the manufacturers report that creep tests have given results 
within 15 per cent, of the figure claimed for smaller components under precise 
laboratory control. 

The distinguishing features claimed for (LI SB steel are high creep strength 
associated witli ductility and ‘‘ notch insensitivity.” It has th(‘ following 
hot fatigue strengths for an endurance limit (jf 40 million reversals. (The 
values refer to the material in the solution treated ” condition already 
referred to). 


TEMPEKATl KK 

FATKit TE STIIEN GTI I 

deg. F. 

deg. C. 

Long tons/ sq. in. 

Ibs./sq. in. 

1,112 

000 

±1K 

±4.0,300 

1,202 

050 

±15 

±33,000 

1 ,202 

700 

±13 

±20,200 


The 0.1 per cent, proof temperatures range between 31,000 Ib./sq. in. 
and 58,000 Ib./sq. in., according to the heat treatment. 

Turbine Blades 

The blades of the turbine operate under more arduous conditions than 
the disc. Necessarily of light section, they are exposed to the highest 
temperature and subjected to the heaviest centrifugal loading. Considering 
a hypothetical turbine producing 5,000 h.p., this would ])r()bably have 
about fifty-five blades approximately 3in. long, each of which must transmit 
continuously about 90 h.p. Nevertheless, at the high rotational speed, say 
’ 15,000 r.p.m., the tensile stress due to centrifugal force will exceed the bending 
stress of the load. 
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For maximum efficiency, the gas should enter the turbine at a high 
temperature which, obviously, is limited to the capacity of the materials used 
in the component parts to withstand the effects of such temperature. Dr. 
Meyer lias stated that on a compressor - turbine unit having an overall 
efliciency of 70 per cent., to increase the gas tem])craturc at the turbine 
inlet by 20 per cent, from 540 deg. C. to G50 deg. C. would raise the cycle 
efficiency from 18 per cent, to 23 per cent., representing an improvement of 
28 per cent. 

Ordinary grades of steel are quite inadequate for turbine blades. In 
general the special steels are alloys contiCining high percentages of chromium 
and nickel and smaller additions of other elements such as silicon, tungsten 
or molybdenum. A steel having a chromium content of 12-14 per cent, is 
superior to ordinary steels as regards scaling and the maintenance of 
mechanical strength up to moderately high temperatures. Above 650 deg. C., 
however, its strength decreases rapidly and at 8.50 deg. C. the non-scaling 
characteristic is lost. The addition of silicon, up to aliout 3 per cent., has 
been found to produce marked improvement in the non-scaling properties of 
high chromium steel and also to impart some improvement in strength at 
high temperatures. Despite this it has not been possible to maintain these 
features satisfactorily at temperatures higher than 800 deg. C. 

Exhaust gas turbines for driving the supercharging blow^crs of diesel 
engines operate at about 600 deg. C. but on petrol aircraft engines the exhaust 
temperature may reach 1,000 deg. C. These conditions are being satisfac- 
torily met with existing steels. As long ago as 1933 Sir Robert Hadfield 
A\as able to report that prolonged research h}, his firm in coll iboration with 



Fig. 80. A Brown-Boveri exhaust turbo 
blower set on the test bed, running 
continuously at 30,000 r.p.m. with a 
gas temperature of 1,000 deg. C. 

F 


Fig. 81 The night photograph of the 
charging set in Fig. 80 shows the turbine 
operating at full load with the rotor 
and guide blades glowing at a red heat. 
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S.A. de Commentry Fourchambault et Decazeville, of Imphy, France, had 
resulted in the evolution of a high-percentage nickel-chromium steel of 
reasonable cost, possessing exceptional strength and non-scaling properties at 
high temperatures. Designated “ Era/ATV ” steel, it was being used at 
bright red heat and under high centrifugal and other stresses in exhaust gas 
turbines working at a temperature of 800 deg. C. to 930 deg. C. and at speeds 
ranging from 30,000 r.p.m. to 50,000 r.p.in. It is of interest to note that 
when operating at high altitudes certain portions of these rotors are exposed 
at the same time to atmosplieric temperatures which may fall as low as 
— 50 deg. C. 

For a number of years the Brown-Boveri Company in Switzerland has 
had a large test bed for testing exhaust gas turbine-driven blowers for petrol 
aircraft engines. The test equipment is designed to withstand temperatures 
up to 1,100 deg. C. Figs. 80 and 81 show a charging set of their manufacture 
running with a gas admission temi)erature of 1,000 deg. C. at the designed 
full speed of 30,000 r.p.m. In Fig. 80 tlie equipment is fully illuminated and 
on the left shows tlie end of the duct discharging air to simulate the relative 
wind during flight, and on the right, the collecting funnel for the convenient 
evacuation of the turbine ellluent. The night picture of the same set in 
operation was taken by the light radiated from the exhaust gas piping and 
the turbine. The ring of light at the turbine is actually produced by the 
stationary guide blades which are heated to a bright red. The rotor blades, 
at a somewhat duller red, cannot be distinguished owing to the high speed 
of rotation. 

Whilst unquestionably there remains much research and development 
to be done for turbine blade steels, it must be recorded that already sub- 
stantial progress has been made. To cite only one example, the Bolls-Royce 
turbine blades of Wiggins' Nimonie 80 " alloy o])erate successfully at a 
continuous gas temperature of 850 deg. C. (1,500 deg. F.). 

Nozzle Guide Veuies 

The nozzle guide vanes, which receive the hot gases after they leave the 
combustion chambers, are subjected to particularly high temperatures, 
although not highly stressed. Again Jessop's G.18B steel has been used 



rnmm 



Fig. 82. A Goblin turbine nozzle blade (top) and turbine blade shown **as 
stamped ” and **as finished.” Both are of Jessop’s G.I8B and produced by the 

B.S.A. Co.. Ltd. 
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and a vane produced in this material by the Birmingham Small Arms Co., 
Ltd., is shown in Fig. 82. A high-quality dro]) forging is made from a flaw- 
less ground bar and after the necessary heat treatment the blade is brought 
to tlie final form by machining, grinding and polishing operations. The 
final contour is correct to within a few thousandtlis of an inch. The same 
technique is used in G.18B turbine blade production. 

An interesting illustration of the progress made in turbine blade material 
throughout the war years was advanced by Major F. B. Halford during a 
lecture before the Royal Society of Arts in^May, 1946. (See Fig. 83.) Beyond 
1946 is mere conjecture, he said, but not altogether based on imagination. 
There are good grounds for thinking that such materials will be fortlieoming, 
and to the turbine designer it is a very vital matter. 

In a given turbine the highest possible thrust will depend on what tem- 
perature we dare to run the turbine blades, and he thought a maximum blade 



Fig. 83. Trend of development in gas turbine blade materials. 

temperature of 850 deg. C. — eorresp»onding to a gas temperature of 1,000 deg. C. 
at entry to the tur\)ine sliould be obtainable by 1950. In practically all 
their j(‘t units the Germans adopted air-cooled turbine blades owing to their 
wartime shortage of suitable heat-resisting materials, but they had to pay 
something in performance for robbing air from the compressor for this pur- 
pose. If, however, one could cool the turbine blades and discs without exces- 
sive cost in performance, there would be savings in manufacturing expenses, 
though at the moment it is very diflieult to be dogmatic on this subject. 
Kach ease must be examined on its own particular merits. 

Writing in Iron cO Steel on the subject of high temperature engineering 
in relation to gas turbines, Mr. J. Taylor, of Hadfields, Ltd., said : — 

‘‘ It has been established that the pearlitie types of steel arc restricted 
in their usefulness to a temperature range of below 550 deg. C., since in excess 
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of this value crec]) stren^tJi rapidly de(?reases, and in addition to this structural 
changes resulting from prolonged heating have the effect of detrimentally 
affecting the erecj) strength. Thes(‘ eharaeleristies necessitate the use of 
austenitic steels for higher ternjHTature rang(‘s, and the problem becomes more 
complicated, due to the higher eoellieients of expansion of this group of steels 
as eomj)ared with pearlitie. This has the effect of increasing the magnitude 
of stress engendered by temperature differences. 

Two Main Types 

There are, broadly speaking, two main types of gas turbines as viewed 
from the aspect under discussion, those used for aircraft, on the one hand, and 
on the other prime movers for generating plant, etc. This classification is 
associated witli the differences in operating conditions. In the case of aircraft 
engines, frequent and rapid stresses arise due to the relatively short duration 
of the runs, and the total life between overhauls and examinations is of the 
order of a few hundred hours. Turbines used as j)rim(‘ movers subject to a 
more gradual increase in temperature, are given trial runs before putting into 
commission, and must function for many thousands of hours before being 
taken down. 

“Initial ereej) is a very im])ortant consideration in aircraft engines, whereas 
the secondary phase can almost be ignored, but in the other types the reverse 
is the ease. While initial creep cannot be entirely ignored in the latter, 
adjustments can be made during running-in trials whereby such changes in 
dimensions which have occurred and may tend to cause fouling, can be 
rectified by machining. A low rate of secondary creep is an absolutely essen- 
tial requirement for long-serviee applications. It is by no means the rule 
that steels with a low rale of secondary creep have a correspondingly low 
initial creep, and the importance of this for aircraft propulsion requirements 
has given an impetus to investigation into creep properties of steels. Stress 
to rupture curves and total creep curves are not related and thus the permiss- 
ible stress based on a given total creep may be considerably lower than the 
rupture value for a given period for a certain tem})erature. At higher 
temperatures, the rupture value may have become so low as to render the 
steel unsuitable for use on the selected creep basis. 

“ It has already been established that to meet the exacting demands 
very highly alloyed st(*els arc necessary, and, further, that no simple combina- 
tion of a few elements will sullice. At least ten elements may be involved in 
a composition which has a th(*orctical promise, and the types of steel which 
may be investigated are almost legion. In addition to this, heat treatment has 
an effect on the creej) properties of steels which are subject to precipitation 
hardening. The magnitude of the task, even if short time creep tests only 
are involved, will be appreciated. This is further enlarged since, having 
obtained a j)romising composition, in actual ])roduction variation in the 
proportion of elements must inevitably occur, and hence it is essential that 
limits of composition be established to maintain the optimum creep strength. 
Ic is equally necessary in certain cases to establish ‘ load to rupture ’ data. 
The engin(‘er is (piite naturally eager to construct gas turbines which will 
function at the highest eflieien(*ies, which can only be attained by increasing 
the temperature of the blades and rotors. But, in view of the magnitude 
of the metallurgist’s task, a co-operative and tolerant attitude on the part of 
the engineer is essential to success. 

“ Th(* production of a suitable steel for aircraft engines, where relatively 
short period tests will suffice, calls for enormous effort, but this pales into 
insignificance where the other types of turbine arc involved, and where some 
proportion of the tests must occupy thousands of hours in order to determine 
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creep and/or rupture values. In rotors, in particular, there are portions 
which never attain the temperature at which creep operates and where the 
stress differs considerably from the hot portions.” 

A Temperature-Recording Alloy 

In the development of gas turbines great dilliculty has been experieneed 
in accurately recording the temperatures reached during operation at various 
points of the disc and blades. From America the (ieneral Electric Co. reports 
the use of a new temperature- recordiijg alloy which, substituted for normal 
turbine parts, undergoes a colour change and thus reveals the local tempera- 
ture. The alloy is a special chrome-cobalt composition which oxidises so 
slowly at higher temperatures that it shows a marked change of colour at 
regular variations of 25 deg. in temperature from 500 deg. C. to 700 deg. C. It 
possesses the curious characteristic of completing one scale of colours, reverting 
to its light straw colour and then repeating the scale in a second and higher 
range of temperature. On the basis of operation for one hour, the alloy 
turns a light straw colour at 500 deg. C., straw at 525 deg. C., bronze at 550 
deg. C., purple at 575 deg. C., and so on. At 700 deg. C. it turns light blue and 
would normally be expected to then turn to grey indicating that the colour 
scale was completed. However, at 725 deg. C. it reverts to light straw and the 
colours progress again. At 900 deg. C. it reaches light blue and at 925 deg. 
(\ greying tendencies become evident. This indicates that the oxide coating 
has become so thick or irregular that no colour is transmitted and its use as a 
tcm])eraturc-reeorder is exhausted. 

Compressor Impellers 

Altliough the compressor is not thermally stressed to the same extent 
as the turbine, the impellers of radial compressors for turbine-jet units 
presented some problems. Their production necessitated the manufacture 
of a new type of aluminium alloy forging. The material had not to be 
subject to size effect nor to reduced properties transverse to the grain flow, 
and at the same time possess good hot strength and creep resistance at 
temperatures up to 250 deg. C. The impellers required were from 22-33in. 
diameter and from 10-1 4in. thick and this implied solid forgings w'eighing 
from 400-1 ,000 lb. each possessing the mechanical properties hitherto 
expected from a one inch scjuarc test bar. Rotors for axial flow compressors 
necessitated hollow forgings up to 15in. diameter and 20-30in. long with a 
wall thickness of about 3in. 

Tlie Rolls-Royce alloys were considered most suitable due to their 
good constituent dispersion and to their adaptability to the chilling process 
without undue skin segregation. RR56, RR58 and RR59 have been used. 
The nominal percentage composition of RR59 is : copper 2.2, magnesium 1.5, 
nickel 1.2, iron 1.0, silicon 0.9 and titanium 0.05. 

I^ater study focussed attention on the L42 low silicon alloy. Difficulties 
had previously been experieneed in easting or working this material but 
special high purity aluminium was employed and a new technique of forging 
was developed and the manufacturing difficulties were rapidly overcome. 
A typical percentage composition of this alloy is : copper 2.2, magnesium 1.6, 
nickel 1.2, iron 1.0, silicon 0.1 to 0.2 and titanium 0.1. 

High Duty Alloys, Ltd., proved that impeller failures were mainly due to 
licavy stresses set up during heat treatment and recommended the provision 
of a central hole in the forging to reduce the differential cooling rate on 
quenching. While this method results in increased centrifugal stressing in 
operation, it has completely eliminated failures in service. 
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BRITISH GAS TURBINES 

A REVIEW OF DEVELOPMENT AND MODERN PRACTICE 

A SURVEY of gas-turbinc dcvcloi)ment in all countries (excluding the 
l\S.S.R., Avhose research work is unknown) shows Great Britain to be 
in the forefront of design. True, the axial-llow' layout, which must eventually 
be adopted for the attainment of very great thrusts, has been less favoured 
than in Germany, but the performance of the De Ilavillaiid Goblin and 
Rolls-Royce Derwent and Nene units has fully vindicated their designers’ 
convictions that, having regard to the thrusts required and the necessary 
restrictions on development time and mechanical complication, radial flow 
was the correct choice. Similarly, individual combustion chambers were 
selected, not because the theoretical superiority of the single annular chamber 
was denied, but with the realisation that lack of experience might lead to 
unwarrant(*d delays in production. 

In planning layouts and selecting components, British designers 



Fig. 84. Diagram of the “ return flow ” combustion system 
of the classical Whittle unit. 


have displayed nice judgment. The De Havilland Company, for example, 
while recognising that the double-sided impeller offered smaller overall 
diameter, higher rotational speeds and easier manufacture, decided upon a 
single-sided design in order to benefit to the full from ram effect and from 
direct airflow to the impeller eye, and to reduce eddy and friction losses. 

The virtues of the axial-flow gas turbine are not unappreciated in Great 
Britain, Already Rolls-Royce, Armstrong Siddeley, the Bristol Aeroplane 
Co., and Metropolitan- Vickers have built some advanced units of this type. 

The Early Days 

The flow of British gas turbine work, to quote Dr. Roxbee Cox, springs 
from tw^o distinct streams, one (axial compressors) owing its origin to Dr. 
A. A. Griffith, and the other (radial compressors) associated with the name 
of Air Commodore F. Whittle. While a Flight Cadet at the R.A.F. College 
in 1928, Whittle discussed in a scientific thesis the possibilities of jet pro- 
pulsion and of gas turbines, but it was not until eighteen months later that 
he conceived the idea of using a gas turbine for jet propulsion. He applied 
for his first patent in January, 1930, and submitted the idea to the Air 
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Ministry, who declined it on the ground that practical difficulties in the 
way of development were too great. Firms displayed no more interest, but 
with some private assistance Whittle succeeded in coming to an arrangement 
which led to the formation of Power Jets, Ltd., in March, 1936. Three 
months later this company placed an order for the manufacture of a gas 
turbine unit with the British Thomson-Houston Company. Whittle was 
fairly confident in regard to the eompressor and turbine elements but felt 
rather out of his depth with the combustion problem. Early tests proved 
that his fears regarding combustion wer^ justified ; compressor performance, 
moreover, was far below expectations. After the first series of tests in 1937 
the Air Ministry began to pay more attention to Whittle’s work and by 1938 
a reconstructed unit was ready for test. After five hours’ running severe 
damage resulted from a turbine blade failure. The Air Minist^ had by this 
time accepted the fact that Whittle had the basis of a practicable aircraft 
power plant and a contract was placed with Power Jets for a “ flight ” engine 
— the W1 — for installation in the Gloster E28^39 aircraft. During manu- 
facture certain major components were considered to be unairworthy, and 



it was decided to use these with some spare components, made for the first 
experimental engine, to build an early edition ” of the Wl, known as the 
WlX. The Gloster E.28 aircraft, powered with a WlX, left the ground 
for a short hop during taxying trials in April, 1941, and flight trials with the 
Wl (850 lb. thrust at 16,500 r.p.m.) began during the following month. 
The success attained gave a powerful stimulus to gas turbine research. 

In the meantime Power Jets had been authorised to go ahead with a 
more advanced engine, the W2, and the Gloster Aircraft Company was re- 
quested to proceed with the design of a twin-engined interceptor fighter, 
the F9/40, prototype of the Meteor. Moreover direct contracts were placed 
witli the British Thomson-Houston Company and other firms for the manu- 
facture and development of gas turbines and Power Jets became a research 
and development organisation supplying all other firms engaged with drawings 
and information. 

P'or historical interest reference is made to various pioneer gas turbine 
units of Whittle design. The W1(T) was a modified Wl built for bench 
development from spares ; another modification of the Wl was designated 
Wl(3). The WlA, of 1,450 lb. thrust, incorporated most of the features 
of the Wl but also had an air-cooled turbine (earlier models had water- 
cooling) and certain special features of the W2 which it was desired to test 
in advance. This unit was flown in the Gloster E.28 and was manufactured 
by the British Thomson-Houston Company to Power Jets’ requirements. 

Drawings of the ambitious W2 unit were handed over to the Rover 
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Company for development, and when it was realised that the unit was ex- 
tremely sensitive to design assumptions, it was changed by stages to bring 
it nearer to the standard of the W2B. A major and important change was 
later made by the adoption of straight-through combustion chambers in 
place of reverse flo>\. 

Complete sets of drawings of the W2B were passed to the several firms 
by then engaged. This unit was the prototype of the Welland, which subse- 



Fig. 86. A typical Whittle unit made by Power Jets : the W.2/700 with a designed 
static thrust of 2,000 lb. 


(juently powered the Meteoi TV, and of tlie “ Type I,’' the (‘orresponding 
unit made by the General Kleetrie Company m tin* T.S.A. 

By arrangement between the British and American Go\ernments, tlie 
WlX turbine unit, a set of drawings of tlie W2B, and a small team of I^iwer 
Jets’ engineers, were llown to Ameiiea in the autumn ol 1941, and develop- 
ment of the gas turbine at tlie G.K.C. works was initiated. 

The M.A.P. decided to plan for production of the W2B and the Meteor 
and many sceptics were converted. The firms already engaged increased 
their activities considerably, Joseph Lucas, Ud., eommeneed research on 
combustion and fuel systems, and hrms which had practically ignored the 
gas turbine began to e\inee a lively interest. 

A Notable Contribution in 1926 

In tracing the development of the axial-flow gas turbine in Great Britain 
it is necessary to refer to the aerodynamic theory of turbine design ” 
prepared by Dr. A. A. (iriffith at the R.A.E. in 192(1. This paper indicated 
that the gas turbine was feasible as a means of aircraft projnilsion and ten 
years later the Kstablishmenf obtained authority to build an axial-flow 
compressor, following its recommendations. In tlu* following year Mr. H. 
Constant, also of the R.A.K., concluded that a turbine to drive an airscrew 
could be constructed which would compare in specific weight and fuel con- 
sumption wdth the reciprocating engine, and as the outcome of his work the 
R.A.E. collaborated with Metropolitan- Vickers in designing the B.IO, a 
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unit with a nine-stage axial compressor driven by a four-stage turbine. A 
series of schemes followed in which the air flowed direct through a single 
compressor, an annular combustion chamber, the compressor turbine and 
a power turbine. In the meantime (1938) an experimental turbine compressor, 
resembling that suggested by Dr. Grilfith, had been designed at the R.A.E. 
and was manufactured and tested by Armstrong Siddeley in 1939-40. Two 
years later Armstrong Siddeley were given a contract for a unit known as 
the ASX, the forerunner of the Python later described. 

British gas turbine units with a thrust of 5,000 lb. are now available 
and designs witli 8,000 lb. and 10,000 lb. thrusts are under development. 

BRITISH GAS TURBINES 


Unit 

Static 

Thhus'i 

(Ih.) 

R.P.M. 

Consump- 

tion 

(lb /Ib./hr.) 

COM- 

1‘UESSOR 

Combus- 

tion 

Ch \miieks 

Ti iiniNE 

Length 
( ft. -in.) 

Diam. 

(ill.) 

W’OHT 

(lb.) 

A H M. 

S I D D. 
A.S.X. 

2,000 

8,000 

1.03 

Axial- 1 !• 

11 

Axial-2 

14-0 

42 

1,900 

l*ython 

a.OTOh.p. 

+ 

1,1501b. 

8,000 

a59 

Kul./hr. 

Axial- 1 ♦ 

11 

Axial-2 

11-4 

42 

3,140 

Bristol 

Theseui 

l,950h.p. 

500 lb. 

9,000 


Axial-9 
Radial- 1 


Axial-2 
(Comps.) 
Axial- 1 
(sc‘rc\\ ) 



2,500 

I)E HaV. 
(Goblin 11 

a , 000 

10,200 

1 .23 

Radial- 1 

10 

Axial-1 

8-11 

50 

1,550 

Ghost 11 

5,000 

- 

1.05 

Hadial-1 

10 

A\ial-I 

10 21 

53 

1,950 

Mei.- 

Vic. 

F.2. 

Ser. IV 

a, 500 

7,700 

1.05 

\\ial-10 

Anmilar- 
20 burners 

Axial-1 

i.s-a 

37-11 

1,750 

K.2'« 

4,000 

7,000 

0.05 

Axial-9 

\nnular- 
20 burner.s 

\\ih1-2 

(C’oinp.) 

Axial-4 

(Aiip.) 

11 5 

47 i 

2,200 

H (» I, I. s- 

B () YCE 
I)erv\ rut 
\ 

a,5oo. 

4,000 

14,. 500 

1.0 

Radial-1 

9 

Axial-1 

7-41 

43 

lender 

1,500 

Xriir 

5,000 

i 2 ,aot) 

1 .05 

Radial-1 

9 

Axial-l 

8 1 

19 ^ 

1 ,5.50 

Clvtlc 

a.ooob.p. 

+ 

1,200 1b. 

0,000 

1 


Axial-9 

Radial-1 


.\xial-l 
(Rad.- 
comp.) 
Axial-l 
( Vx.comp. 
and screw) 
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ARMSTRONG SIDDELEY 
A.S.X. and Python. 

Reference has already been made to the A.S.X. axial-flow gas turbine 
designed by Armstrong Siddeley. This first plain jet project was of a size 
necessary to give a designed sea-level static tlirust of 2,500 lb. and a specific 
eonsui.nption of less than unity. It was also to embody an axial-flow com- 
pressor having a compression ratio of 5 : 1 , which necessitated the use of a 
two-stage turbine. During the development of the A.S.X. alternative 
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Fig. 87. Gas flow 
diagram for the 
Armstrong Sid- 
deleyA.S.X. That 
for the Python is 
substantially simi- 
lar. 


designs were studied with a view to increasing thrust and producing a power 
plant suitable for moderate-speed aircraft. As a result, it was decided to 
develop a turbine-airscrew unit based on the A.S.X. This conversion chiefly 

entailed provision of a suitable 



Fig. 88. Estimated shaft horsepower and 
jet thrust for the Armstrong Siddeley 
Python at a forward speed of 400 m.p.h. 
Standard I.C.A.N. atmospheric 
conditions. 


reduction gear and the re-designing 
of the turbine to provide the 
necessary shaft horsepower. In 
other respects the engine remains 
substantially unaltered ; named the 
A.S.P. or Python, it first ran in 
March, 1945. During the following 
month it passed its acceptance test, 
and since that time it has done 
some hundreds of hours of develop- 
ment running. The power figures 
obtained are 3,670 shaft horsepower 
plus 1,150 1b. jet thrust under sea- 
level static conditions. 

The problem of efiicient inhal- 
ation of large volumes of air was 
one of the important considerations 
during the design studies which led 
up to the production of the Python. 
It was considered that the layout 
adopted, with compressor intake 
well back from the airscrew spinner, 
would permit good accessibility and 
an efiicient intake, avoiding disturb- 
ances which might be caused by 
the airscrew blade root sections, 
and taking advantage of the ram 
effect produced by the airscrews 
at positions nearer their outside 
diameters. 

Air for combustion in A.S.X. 
and A.S.P. units is taken in through 
either an annulus or two forward- 
facing ducts, then divided between 
eleven throats where it is reversed 
in direction of flow. Next it is 
passed forward through a multi- 
stage axial-flow compressor then 
radially through the diffuser into 
eleven induction elbows and into 
the combustion chambers. During 
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the passage from compressor to combustion chamber the direction of flow is 
again reversed, the combustion chambers being grouped around the com- 
pressor casing. To complete its circuit the air, after combustion, passes 
through extension pipes to tlie two-stage turbine and out through the tail 
j)ipe and jet nozzle to atmosphere. 

The main rotating drum of the A.S.X. eompressor consists of two 
forged aluminium alloy sections lx>lteel together on the inside, the division 
being between the high- and low-pressure stages. Of the fourteen stages 
five are low-pressure and nine high-pressure. The outer casing, made in 
two parts, is a light-alloy casting, split liorizontally and carrying the fixed, 
or stator, blades. 

The main drives to and from the compressor drum are via front and rear 
main extension shafts, both of steel and bolted to the drum. At the rear 


end the drive from the turbine is through a splined sleeve to the stub shaft, 
which is itself attached by a ring of studs to the turbine disc, the disc having 
no centre hole. This moving assembly is carried in 
< four bearings, two angular-contact ball races at the 

front, and one ball and one roller bearing at the 
rear end. The front shaft provides the drive for 
the accessories and a means of starting the unit. 


\i 


Arrangements are made to cool both sets of bear- 
ings by passing air under the inner and over the 
outer races. The air for the turbine bearings is 
bled by external pipes from the lifth stage of the 
c()in]m‘ssor, while for the compressor bearings the 







Fig. 89. The Armstrong Siddeley Python S.P.I with 
air intake annulus and cowling as used when on test. 


air is blenl from holes in the compressor drum at the seventh stage. The oil 
feed pipe to the rear bearing passes through the larger-diameter pipe which 
carries cooling air to the bearing. 

Rearward-acting end thrust on the moving assembly is taken mainly 
by the front bearings, but the load is considerably reduced by a thrust- 
equalising unit. This comprises a chamber kept at full pressure by a lead 
from the compressor outlet, and a piston keyed to the front main shaft and 
exerting on it a forward thrust. 
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The large single turbine disc is of rather unusual design, incorporating 
a forked periphery on which is carried the blades for the two stages. Both 
front and rear faces of the disc are air-coolcd. All the rotor blades have 
“ fir tree ” roots, which slide into slots in the disc. 

The extra power required from the Python turbine to provide the 
additional shaft horse power for airscrews is obtained by expanding the 
gases right down to atmospheric pressure, and leaving only the minimum of 
energy as jet thrust from the exhaust. 

After leaving the compressor the air passes through the diffuser casing, 
the main portion of which carries the eon(*entric diffuser vanes. From the 
diffuser the air is led to the combustion chambers through eleven elbows 
containing separate vanes. On each elbow is a blow-off valve, the purpose 
of which is to aid in starting by releasing to atmosphere a proportion of the 
air passing through the compressor. The valves also give some aid to acceler- 
ation after starting by preventing the compressor blades from stalling. 
They are controlled by a lever in the cockpit. On the l*ython tliese se})arate 
blow-off valves liave been abandoned in favour c)f a single common valve on 
the diffuser casing. 

Thin-gauge stainless steel is the construetional material of the eleven 
combustion chambers, and tlie flame tubes inside are of Nimonic 75. Of Arm- 
strong Siddeley design, they differ considerably from others based on designs 
developed by the Lucas Company (described in Chapter V), and employ 
the principle of vaporising of fuel rather than its atomisation by means of 
high-pressure spray jets. Tliere is a mixing chamber fed with air from a 
duct, and positioned roughly in the middle of th(‘ flame tube. 'J'he primary 
air for combustion— approximately one-fifth of the total air supply — enters 
the flame tube through this mixing chamber, and fuel is sprayed into it by a 
jet in the entry duct. 

Primary combustion takes place in the flame-tube nose piece where the 
ratio of air to fuel is about 15-to-l and the burning gases flow back over the 
mixing chamber, heating and vaporising the new fuel fed into it. A portion of 
the secondary air for combustion enters through a hole in the nose of the flame 
tube, which has a deflector plate on the inside. The cold-air stream is directed 
over the interior surface of the dome by the plate and prevents carbon forma- 
tion in the ricli -mixture combustion area. Additional air enters the flame 
tube through flutes around the base of the domed eaj), and through lioles in 
the tail section, downstream of the mixing chamber. Final mixing of com- 
bustion gases and secondary air is brouglit about by four shovel-like deflectors 
attached to the outer casing just aft of the flame tube exit. 

Igniter plugs provided in two combustion chambers are fitted with a small 
auxiliary starting fuel jet with electrically operated valve. From the eom- 
bustion chambers tlie gases are led to the turbine manifold by separate 
manifold pipes which pass through the main air intake body between the 
eleven intake throats. 

Torque required when starting a large gas turbine engine is less than 
that for a piston engine of comparative power, but it is required for a relatively 
long period, and this is one of the main j)roblems of starting. A specially 
designed gas-starter motor is employed on the Python. The automatic 
starting sequence is initiated by means of a press-button in the pilot’s cockpit, 
or, should it become necessary to re-start in flight, advantage may be taken of 
the power provided by the wind-milling airscrews. On the A.S.X. an electric 
starter motor, geared to the front extension shaft, may be used and the 
special gas-starter is an alternative. 

A feature of gas-turbine engines used in conjunction with airscrews is 
that the power output falls off very rapidly as engine speed decreases, and, 
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to quote the case of the Python, under 100 h.p. is produced at half engine 
r.p.m. This corresponds with the slow-running speed of the engine, and it 
will be realised that the airscrew will also be running at half speed. In 
order to absorb as little power as possible, the airscrew must slow-run with 
blades in practically zero pitch, and it is therefore necessary to make provision 
for over-riding the normal fine-pitch stops. In actual fact, these stops are 
removed, and a device is provided in the reduction gear to ensure that the 
constant-speed meclianism is inoperative when the airscrew^s are driving the 
engine under windmilling conditions. " 

The reduction-gear unit on the Python is of necessity rather bulky in 
that an overall ratio of 0.123 : 1 is required in addition to the gearing for 
contra-rotation of the airscrews. 

The S.P.1~1 with annular intake, and the S.P.1-2 with twin-duct intake 
are both mounted by eleven brackets located at tlie rear of the intake casing, 
and all pipes, controls and cables which connect to the aircraft pass between 
the combustion chambers and the air-intake throats to a bulkhead behind 
the mounting brackets. 

BRISTOL 

Bristors had a general plan for entry into the gas turbine field in 1939, 
the primary aim being the production of a compound unit of low fuel consump- 
tion peculiarly applicable to long-range aircraft. It was necessary, however, 
to discontinue the project so that attention could be concentrated on sleeve- 
valve engines for immediate war purjioses. Work was eventually resumed 
and the Theseus I gas-turbine-airscrew unit was announced in 1945. This 
unit is the first of a family of Bristol gas-turbine units not all of which will 
necessarily include airscrews and/or heat exchangers. 

Theseus I 

The Theseus I has an axial and a centrifugal compressor in series, the 
latter being located between tlie axial compressor and the combustion 
chambers. Air is induced through an annular orifice around the airscrew 
r(‘duction gear, and deli\’ered through a heat-exchanger before passing to the 
combustion chamber, where its temperature is further raised by the burning 




94 


GAS TUBBINES AND JET PROPULSION 


of injected fuel. The resulting products of combustion pass to a two-stage 
turbine by means of which the compressors and auxiliaries are driven, and 
thence to a further turbine stage which, through a forward extension shaft 
and reduction gearing, drives the airscrew. After leaving the second turbine 
the gases pass through the heat exchanger, wiiere they give up a measure of 
their heat to the compressed air on its way to the combustion chambers. 
From the heat exchanger the exhaust gases are finally discharged through a 
controllable nozzle, so providing a certain proportion of the total thrust, 
actually 500 lb. additional to the 1950 h.p. of the unit. 

The theoretical advantages claimed for the compound compressor are 
that the centrifugal component assists the axial compressor over its relatively 
narrow operating range, particularly during the starting of the unit, thus 
avoiding instability and promoting flexibility of operation. These advantages, 
however, are theoretical and experience must be gained before the arrange- 
ment can be proved. There is one important advantage in the location of 
the centrifugal compressor : the air from the discharge of the axial comj)ressor 
must be turned sharply when separate combustion chambers are used and if a 
centrifugal compressor is considered necessary for other reasons, it is a very 
convenient substitute for sharp pipe bends and provides an increase in total 
pressure ratio. 

DE HAVILLAND 

In January, 1941, preliminary discussions were held by the De Havilland 
Company with a view to designing a gas turbine of 3,000 lb. thrust for installa- 
tion in their Vampire fighter. About sixteen months later the unit — a 
linear descendant of the early Whittle designs — was ready for testing and 
by June, 1942, had been operated at its full designed thrust. Production 
outstripped that of the Vampire and to obtain llight experience two units 
were initially installed in a Meteor. By Spring, 1944, the Goblin, as the new 
unit was called, had been flown in both the Vampire and the American 
Lockheed Shooting Star, both aircraft attaining over 500 m.p.h. An official 
type-a])proval test was passed in January, 1945 ; in fact, the Cioblin holds 
Type Certificate No. 1 for a turbine unit for aircraft propulsion. The Series II 
version of the (ioblin is described below. 

Goblin II 

Basically this unit comprises a single-sided centrifugal compressor 
delivering air to sixteen combustion chambers grouped symmetrically around 
the axis of the unit and leading to a single-stage turbine which drives the 
compressor. The compressor impeller and turbine rotor are coupled by a tubular 
shaft to form a single rotating assembly, which is mounted on only two bearings. 

The following points were considered by the designers before they 
decided to adopt the single-sided rather than double-sided, compressor : 
While it was fully realised that a double-sided impeller, as favoured by 
Whittle, appeared to make possible a unit with smaller overall diameter, and 
that a large-diameter impeller, besides being more limited in rotational speed, 
would raise some problems in manufacture, it was felt that there was a 
balance in favour of the single-sided design. In particular, the greatest 
possible use could be made of an uninterrupted air flow to the eye of the im- 
peller through a large intake. Ram effect could be employed to the full, 
and eddy and friction losses were likely to be very small. Moreover, it was 
felt that while a double-sided impeller made possible a compressor of smaller 
diameter for a given capacity, this advantage was to a great extent offset 
by the need to provide annular air passages around the outside of the com- 
pressor between the combustion chambers for the supply of air to the rear- 
ward facing intake, and by the less compact arrangement of the combustion 
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Fig. 92. The Goblin II “flower pot ’’ type of combustion chamber. The metering 
annulus, formed by the burner tube and outer dome, is above the swirl vanes. 


cliambers whicli would result. It was also argued that the rear intake 
itself, necessitating a 180-degree tuni in the air How, seemed likely to promote 
some degree of preheating of the air, turbulence and a lack of balance on the 
two sides of the compressor. A certain compromise in design, tending to 
restrict breathing was feared. For a unit A\ith a single-sided compressor 
impeller, two more advantages were foreseen : first the inherent simplicity 
and compactness would permit the use of only two bearings for the main 
rotating assembly (as compared \Aith three required with a double-sided 
impeller) and, secondly, the axial load eonij)onent on the turbiiH* blades 
could be almost balanced by the forward acting thrust loading on the impeller. 
A final consideration in selecting the single-sided impeller was lliat the result- 
ing power unit suited the layout of the Vampire fuselage. 

The (ioblin's single-stage, single-entry ecmtrifugal compressor provides 

an air How of 60 
11). j)cr second at 
maximum oj)erat- 
ing speed. The 
power required to 
drixethe compres- 
sor is a little under 
6,000 h.p. and the 
pressure ratio and 
temperature rise 
between inlet and 
delivery approxi- 
mate to 8.5 and 
150 deg. C. res- 
pectively. At 
U^.KM) r.]).m. the 
g y^r o s c o p i c 
couples are about 
half those for a 
comparable] pis- 
ton ciiginc/air- 
screw installation. 
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The impeller is a one-piece, heat-treated light-alloy forging, anodised and 
polished. It is thirty-one inches in diameter, has seventeen vanes and reaches 
a maximum tip speed of 1,430ft. per second. On the back of the impeller a 
number of coneentrie labyrinth grooves match up with similar grooves on 
the sealing plate at the back of the compressor unit to form a gas seal. 

The turbine, whieli provides driving power for the compressor and 
auxiliaries, is of tlie single-stage axial-flow type. It has seventy-seven stator 
blades and eighty-thre(‘ rotor blades, the numbers having no common 
denominator to avoid resonance. The' moving blades are attached to the 
turbine disc by the “ fir tr(‘e method, that is, evenly spaced serrated slots 
are broached in the })eripliery of the turbine disc and the roots of the blades 
bearing corresponding serrations are slid axially into the slots. The blades 



Fig. 94. A section of the turbine disc 
with serrated slots prepared to 
receive the blade roots shown in 
position in the illustration on the right. 

are lield in position by i)eening at the 
roots on each side. On the u}>stream 
side tlie peening is a little lu'avier to 
resist rearward thrust. 

Bolted to the turbine and the 



iinj)eller, the large-diameter centre 
shaft is inaehined from a steel forging : 
these three eoinponents form the main 

rotating assembly which is carried in two ball bearings. Any thrust loading 
is taken by the front bearing whieli is located on a stub or pivot shaft between 
the air intake duets in front of the impeller. 

Sixteen combustion ehamlx'rs are fitted, and on the Goblin II these are 


of '' flower ])ot " design. Fig. 92. They eomj)rise a flame tube and an outer 
easing each of which is made in two basic sections — and a burner. With 
the primary part of the flame tube, the fuel burner forms an annular space 
through which j)asses a metered fpiantity of air, suflieient for primary com- 
bustion. The metering annulus is, in fact, located in the outer dome, between 
the '' snout " and inner dome, and aj)proximately one-quarter of the air to 
the combustion chamber passes through it. The air for primary combustion 
also pass(‘s through swirl vanes wdiieh promote a back vortex round the 
flame. As a result, the inrush of air helps to promote flame stability instead 
of blowing the flame out. In addition, a small quantity of air which passes 
round the outside of the swirl vanes through holes in the inner dome and 
flared cover jilate, jiroduees enough outer turbulence to mix the fuel and air. 
The remaining bulk of the intake air is admitted to the flame tube in stages 
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as it passes round between tube and outer casing. Its purpose is dilution 
and cooling of combustion gases. Combustion is completed within one-third 
of the length of the tapered section of the flame tube. 

The main frame or static structure of the Goblin comprises tlie compressor 
front casing with twin air intakes ; the two-piece diffuser casing ; the conical 
centre casing with skirt ; and the nozzle junction box assembly with diaphragm 
plate and turbine bearing housing. 

The starting cycle is automatic, and the starter motor, which is geared 
to run at about three times engine speed, develops 9-12 h.p. To obtain the 
necessary air flow, the impeller must be turned at 900 r.p.m. and for satis- 
factory acceleration to idling speed, 1,.500 r.p.m. is required. 

The following data for the Goblin II are quoted as they exemplify the 
characteristics of a modern gas-turbine unit. 


D.H. GOBLIN II— PERFORMANCE DESIGN DATA AND DIMENSIONS 


10,200 R.P.M. Static Sca-i.evel Conditions 
Fuel flow 3,720 lb. /hr. (465 gal. /hr.) 

Maximuni fuel pump deli\er\ 

pressure 000 Ib.'sq. In. 

Blower pressure ratio (overall) .3.3 to 1 

Blower pressure ratio (intake- 

delivery) 3.75 ti) 1 

Blower temperature rise 1.50 deg. ( 

Blower horsepower 5,720 

Air mass flow GO Ib. 'scv. 

Air fuel ratio 58 to 1 


1*1 HI OKM \MK 

r.p.m 

MuMinum static thrust 3,000 lb. at 10,200 

Cruising static thrust 1,8.50 lb. at 8,700 

Idling static thrust 1 50 lb. at .3,000 

Specific fuel consumption : r.p.m. 

Takeoff . 1 .23 Ib./lb./hr. 10,200 

Climbing 1.23 lb. /lb. /hr. 9,700 

Cruising . 1 30 lb lb. 'hr. 8,700 


Turbine inlet temperature 790 deg. C. 

.let velocitv .. 1,610 ft./sec. 

Maximum fet pipe temperature 685 deg. C. 

Cruising jet pipe temperature 550 deg. C. 

(-limbing jet pipe temperature . 6.30 deg. C. 

Maximum rear bearing tempera- 
ture 1.30 deg. C. 

Oil consumption maximum, all 

conditions 1.5 pt./hr. 

Normal oil pressure (cruising) tO/45 Ib./sq. in. 
Oil tank capacity 12 pints 


Dimensions 

Maxiimiin diameter . .. .50in. 

T.ength (engine air intake to 

propelling iio/zlc) . .. 107in. 

Propelling nozzle diam. (internal) Iflin. 

Propelling nozzle length 6.25in. 

Exhaust cone length (standard) 4.3in. 

Impeller tip diam. 31 in. 

Wl KJIITS 

'I'otal weight ... 1,5.50 lb 


Ghost II 

Resembling the (ioblin in layout, but differing in appearance and detail 
design, the Ghost II gives 5,000 lb. thrust at sea level. The number of 
combustion chambers has In^en reduced to ten. Forked pipes lead to the 
chambers from expansion boxes round the periphery of tlic eornpressors. 



Fig. 95. The Ghost li, developing a static thrust of 5,000 Ib, has an overall 

diameter of 53 in. 
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METROPOLITAN-VIGKERS 
F.2, Series IV 

A ten-stage axial-flow compressor and an annular combustion chamber 
characterise this unit. The maximum diameter is less than 38 inches and the 
length and dry weight are respectively 13ft. 3in. and 1,750 lb. 

Earlier units of similar design were cleared for flight in December, 1943, 
with a rated output of 1,800 lb. These were the first axial-flow turbine-jet 
units to fly in this country. 

F.2/3 

A composite unit of advanc(‘d design, the F.2/3 comprises an F.2 axial- 
flow^ compressor and turbine with which has been incorporated a ducted-fan 
thrust augmenter known as the F.3. By this means the thrust delivered 
lias been increased by 67 per cent., for an unchanged fuel consumption and 
for an increase in weight of only 33.3 per cent. The static thrust rating of 
4,000 lb. is, of course, for sea-level conditions, and the proportion of overall 
thrust contributed by the augmenter decreases with increase in flight speed. 



Fig. 96. The Metropolitan-Vickers F.2 turbine-jet unit with 
axial-flow compressor. Early units of this type were cleared 
for flight in December 1943 and were the first axial-flow units 
of British design to be flown. 

much in the same way that airscrews lose tractive efficiency. Further, a 
fall-off in augmented thrust occurs with increased altitude, again in accordance 
with the laws which cause an airscrew similarly to lose efficiency. However, 
the thrust drop of the augmenter is not parallel w ith that of an airscrew and 
can be largely modified by using a variable-area outlet orifice. 

Perhaps the best w^ay of visualising a ducted-fan thrust augmenter is 
to regard it as something of a half-way measure between pure jet propulsion 
and airscrew propulsion. It has been shown that smaller losses are occasioned 
by moving a large mass of air rearward fairly slowly —as in airscrew propulsion 
— than is the ease when a small mass of air is moved rearw^ard at high velocity 
-—as in pure jet propulsion. By including ducted-fans in conjunction wdth 
jet propulsion, the thrust obtained from the jet alone is somewhat reduced 
but a pronounced gain in overall thrust is provided by the fans entraining a 
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advantage in this special drawing. 
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relatively large mass of air and driving it rearward fairly slowly relative to the 
jet velocity. The streams from the gas turbine and the fans are separated 
and do not mingle until both have left the jet pipe. Thus at the orifice 
there is, in effect, a hot high-speed jet from the turbines, and a cold lower- 
speed annular jet from the fans, the latter stream cylindrically enclosing the 
jet stream. This has an effect on noise suppression which is most marked, 
and the unit is the quietest aircraft propulsion engine ever developed. 

Air enters the intake to the compressor throiigli a concentrically ringed 
guard. Inhere are 70 fixed and 68 moving blades respectively on each stator 
and rotor stage of the compressor. All the fixed blades are similar in detail 
design, as are all the rotor blades ; that is to say, all blades of one type are 



Fig, 98. The main rotating assembly of the Metropolitan-Vickers F.2 turbine-jet unit. 

identical in twist, chord, camber, thickness/chord ratio, etc., but are 
progressively cropped so that, in elfect, the moving blades have coarser pitch 
m the higher stages than in the earlier stages. Since tlie final ring or stage 
of blades is a stator, the flow from compressor to combustion chamber is truTy 
axial and has no helical component. 

On entry to the annular combustion chamber, the air is divided by a 
deflector ring into two annular streams each of which flows around the flame 
chamber. The latter is also annular in shape and is housed concentrically 
within the combustion chamber. The inner and outer walls of tlie flame 
chamber are pierced by 80 wedge-shaped inlets staggered in two rows of 
20 each, and tlie surrounding air stream is admitted to the flame chamber 
through these wedges downstream of the burners. In the forward end-plate 
of the flanie chamber are small lioles through which a governed flow" of 
primary ” air from the compressor delivery is metered to tlie burners, 
the amount of air abstracted being merely suflicient to support combustion. 

The burners arc ]ilain shrouded tubes evenly spaced at 18 deg. intervals, 
and projecting radially inwards into the flame chamber wdth forward-facing 
nozzles. These produce a dense-cored cone of fuel at 6.50 Ib./sq. in. which, 
meeting the primary air flow" in the opposite direction, brings about a high 
degree of turbulence and facilitates instant and complete combustion. This 
combusted gas is then tremendously swelled by the relatively large mass 
flow of cool “ secondary ” air admitted to the flame chamber through the 
wedges, resulting in an immediate and very large expansion, with a consequent 
high velocity flow to the turbine. 
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The gases pass through a nozzle ring to the turbine blades which arc 
mounted in two rows on the turbine disc and are separated by a ring of 
stator blades interposed between them. This, then, comprises the first 
turbine, the sole purpose of which is to drive the compressor. 

Immediately to the rear of the lirst turbine is a second turbine, composed 
of two contra-rotating wheels, which operate in the gas stream exhausted 
from the first turbine. This second turbine is for driving the fans, also 
arranged in two banks which counter-rotate. As the two rings of turbine 
blades on each wheel are nested together, with one row of each interposed 
between the two rows of its neighbour, the unit can be regarded as a four- 
stage component. Additionally, since the nested blades counter-rotate the 
necessity for fixed rings of stator blades is eliminated. The maximum 
rotational speeds of the fan-turbine wheels arc much lowTr than that of the 
compressor turbine, the first fan wheel rotating at 2,850 r.p.m. and the second 
wheel at 2,800 r.p.m. Having passed through the four blade banks of the 
second turbine, the gas flows down the tail pipe to the outlet orifice. 

The arrangement of the ducted fans and the design of blade mountings 
is ingenious, the fan blades being mounted on rings carried on the blade 
crowns of the second turbine. The torque loads on the turbine and fan blades 
compensate one another, and, since the turbine blades are designed to 
windmill ” and the fan blades to screw ” this is not particularly dillicult ; 
but the centrifugal loads and bending loads cannot be cancelled out and these 
must have occasioned the designer no small trouble. The matter is further 
complicated by the fact that labyrinth seals have to be introduced between fan 
and turbine blades to preclude untoward pressure losses between the turbine 
stream and fan stream, and when it is realised that the temperature difference 
betw^een these streams is of the order of 600 [deg. C., the ingenuity and 
cpiality of the design may be appreciated. 

As already explained, thrust augmentation will fall off with increase in 



Fig. 99. This thrust spoiler exemplifies the development work 
undertaken by Power Jets. 
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flight speed, since the limitation imposed on the fan stream velocity by the 
area of the outlet orifice progressively reduces the thrust efficiency of the fan 
stream. If, by having a variable outlet, the area of the orifice can be reduced 
proportionally to the rise in flight speed, for a given mass flow the stream 
velocity will be increased and thus the efficiency of propulsion may be extended 
to higher speeds with a consequent delay in thrust drop from the augmenter 
and, proportional to the flight speed, a higher overall thrust. 

POWER JETS 

Reference has already been made to the early work of this Government- 
owned establishment, which conducts investigations of general interest to 
the various manufacturers of British gas-turbines, but mention must be 
made here of the W2/700, a unit of classical Whittle design with a double- 
entry centrifugal compressor driven by a single-stage turbine fed by 10 reverse- 
flow combustion chambers. The W2/700 was designed to give 2,000 lb. 
static thrust at 16,700 r.p.m. with a specific fuel consumption of 1.13 Ib./lb./hr. 

One important item on the development of which Power Jets have been 
engaged is a thrust spoiler which can give negative tlirust for braking. 

ROLLS-ROYCE 

The first active interest in jet propulsion was shown by the Rolls-Royce 
organisation in 1938 when a department was established for the design of 
gas turbines. By 1940 test rigs for airfoils, bearings and combustion 
chambers had been set up and toward the end of the year the Company was 
manufacturing components for Whittle units. Next an intensive study of 
radial compressors for these units was undertaken to ascertain the causes of, 
and the means of eliminating, surging. A special test plant was installed, 
with a 2,000 h.p. Vulture engine driving the compressors. Late in 1941, 
under Air Ministry direction, the Company undertook to build a Whittle- 
type engine known as WRI, designed with low blade stresses to demonstrate 
tliat the gas turbine could be made completely reliable. 

Early in 1943 Rolls-Royce took over research on the W2B/23 unit from 
the Rover Company whose engineers had developed straight-through com- 
bustion. Units of this type, with the name Welland (Rolls-Royce having 
decided to standardise river names for their gas-turbine nomenclature) 
were supplied for installation in the Gloster E.28. In June 1943 two units 
were fitted in the Gloster F9/40, prototype of the Meteor. This unit had a 
reverse-flow combustion system, a maximum diameter of 43 inches and could 
develop 1,700 lb. thrust, although for the F9/40 it was dc-rated to 1,450 lb. 
By May 1944 the Welland was being regularly delivered to the R.A.F. 

Whilst all these activities were proceeding Rolls-Royce were engaged 
on a new design to utilise experience gained from development work. The 
new project was to be of the same maximum diameter for installation in the 
standard Meteor engine nacelles but to develop a static thrust of 2,000 lb. 
Drawings were commenced in April, 1943, and by July the unit was ready 
for test, and in November, 1943, it passed its 100-hour type-test at 2,000 lb. 
thrust. In April of the next year it completed its first flight tests in the 
Meteor with a service rating of 1,800 lb. thrust and a weight of 920 lb. 

The new engine was known as the B37, R-R Derwent, Series 1. The 
Series II engine gave an increased thrust of 2,200 lb. Series III was a special 
unit for experiments to provide suction on aircraft w'ing surfaces for boundary 
layer removal and Series IV gave a further increase in thrust to 2,400 lb. 

The Derwent Series V, whilst retaining the maximum diameter of 43in., 
was an entirely new unit developing twice the thrust of the original Derwent I. 
It is this unit which enabled the Gloster Meteor to achieve 606 m.p.h. 



Fig. 100. The compact 
design of the Derwent V 
is well shown in this 





DerwentJV. 

Tliis modern unit is, in effect, a seuled-down version of still another 
new type, the Nene. Its devck)pinent was prompted by the promise shown 
by the Nene and the proof that tlie Meteor could utilise thrusts p^reatly in 
excess of the original estimates. 

A double-entry radial eomj)ressor of increased capacity as compared w ith 

previous Derweiits, with an impeller 



Fig. 101. Graph illustrating sea level 
static performance of the Derwent V. 


about 21 in. diameter and twenty-nine 
radial blades on each side, is used on 
the Derwent V. At the other end 
of the shaft is a single-stage tur- 
bine. The main shaft is mounted 
in two roller bearings and a central 
ball-thrust bearing. Air is induced 
on both sides of the impeller and 
fed past the diffuser necks to the 
combustion chambers. 

Means are provided to cool the 
internal mechanism, including the 
centre and rear bearings and the 
front face of the turbine disc. A 
small centrifugal fan mounted in 
front of the centre bearing induces 
atinosplieric air through short stub 
pipes on the front end of the engine 
housing and forces it through the 
cooling air manifold to the exhaust 
outlet at the rear. When it is 
realised that the turbine rotor runs 
ill a gas temperature of about 850 
deg. C., and that the 54 individual 
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blades, measuring about Sin. long and 1 .2.5in. wide, have to transmit about 
75 h.p. the importance of the metallurgieal problems and the need for 
internal cooling will be understood. Apart from the anti -corrosive nature 
of the nickel chromium alloys used, non-creep properties are of the highest 
importance. A high-tensile strength must be maintained even under high 
working temperatures, as centrifugal force due to high speed of rotation 
imposes a heavy mechanical stress. Because of this high speed of rotation 
the compressor impeller and turbine rotor each needs to be statically and 
dynamically balanced, both individually and collectively as a single assembly. 
This explains the fact that the two shafts carrying compressor and turbine 
are connected by a quickly detachable toothed coupling. The impeller, 
which has the larger diameter, has a tip velocity of approximately 1,500 
ft. /sec.— that is considerably in excess of sonic speed. 

The installed weight of the Derwent V engine is under 1,500 lb. and it 
delivers 4,000 lb. thrust — a power/weight ratio never previously attained. For 
the world's speed record, two of these units in the Meteor developed suliicient 
power to attain 606 m.p.h. when throttled down to 3,600 Ib./thrust. Fuel 
consumption on the record was high, as full throttle low altitude conditions 
are the least favourable to thermal clliciency. 

Nene I 

Early in 1044 the Ministry of Aircraft Production issued a specitication 
for a jet propulsion unit having a maximum overall diameter of 5.5in., a 
minimum static thrust of 4,000 lb. and a weight not exceeding 2,200 lb. 
The Rolls-Royce Nene I is the fulfilment of this requirement in generous 
measure. Units at present in production are 49 Jin. diameter, develop a thrust 
of 5,000 lb. and weigh only 1 ,550 lb. Thus the realisable performance is 
3.2 lb. thrust per lb. weight and 375 lb. thrust per square ft. of frontal area 
instead of 1 .8 lb. and 242 lb. thrust respectively as originally stipulated. 

In the remarkably short period of 5J months the design was completed, 
all drawings prepared, the first unit built and the proving run of one hour 
at 5,000 lb. thrust successfully accomplished. 

The single stage, double-sided, radial flow compressor of the Nene 
delivers air at four times atmospheric pressure to nine straight-flow com- 
bustion chambers. Aviation kerosene under high pressure is sprayed down- 
stream into the chambers, to form a combustible mixture having an air/fuel 
ratio of about 18:1, and burnt continuously. The major volume of the 
air, diluting the mixture to a ratio of approximately 60 : 1 is expanded by 
the heat released by combustion of the fuel. 

The complete rotating assembly comprises the eompressor impeller, 
cooling fan, and turbine rotor on two coupled shafts supported in three 
bearings. End bearings are of the roller type whilst the centre one is a 
deep groove ball bearing to support axial loads. It is of interest to note 
that at speeds up to about 8,000 r.p.m. the axial thrust is directed forward, 
but above that figure it is exerted rearward. 

The impeller is 28.5in. diameter and machined with 29 radial vanes each 
side from a single light alloy forging. Curved entry vanes, approximately 
17.75in. diameter, for each side are separate components machined all over. 
On the 1 3in. diameter cooling air fan the 30 vanes have integral entry sections 
which are Ix^nt cold in two stages with an intermediate annealing operation. 

The compressor casing is built up of front and rear members attached 
to a central diffuser ring by bolts passing through the diffuser vanes and the 
intermediate splitter vanes. To facings at tlu* nine outlets from the diffuser 
ring are bolted the cast elbows conducting the air to the combustion cham- 
bers. In the bend of the elbows are three cascade vanes formed of lengths 
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cut from an extruded section and cast in position. A pair of trunnions 
providing the main supports for the complete unit are also mounted on the 
diffuser ring. The front bearing housing forms the outer member of the front 
air intake and also serves to support the wheelcase containing the auxiliary 
drives and the oil sump. 

Bolted up to the turbine shroud ring and nozzle box is the exhaust 
cone with its inner cone supported by four transverse bolts enclosed by 
streamlined fairings. The base of the inner cone masks the rear face of the 
turbine disc. While the exhaust cone is of fixed length, approximately 
88in., the jet pipe extending from the exhaust cone to the propulsion nozzle 
can be varied to meet installation requirements providing a suitable length/ 
diameter ratio is maintained. These parts are double walled and packed 



Fig. 103. On the Rolls-Royce Nene engine auxiliaries are mounted on the 
wheel case forward of the compressor. Gauze screens cover the com- 
pressor intakes. 


with heat insulating material. Standard length of jet pipe is about 44in. 
and the weight is 9.5 lb. per foot. 

Combustion chain l>crs are similar in general design to those of the 
Derwent V but of larger capacity. 

Nene units at present in production are rated at 5,000 lb. thrust. This 
is neither the maximum at present available nor the ultimate possibility. 
A thrust of 5,500 lb. has already been obtained on the test bed. Average 
figure during development was 5,150 lb. which represents the following 
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component efficiencies : — Compressor 70 per cent., Combustion 98 per cent., 
Expansion (turbine and tail cone) 93 per cent. 

A compressor having a double-sided impeller was chosen because output 
of a jet unit is lar^?ely determined by the amount of air consumed and this is 
conditioned by diameter of the compressor entry. Obviously two intakes will 
admit more air than one. Conversely, for a given quantity of air, the overall 
diameter of the impeller and consequently the complete unit can be relatively 
smaller than on a single-sided design, which is advantageous particularly 
with wing installations. 

There are, of course, other reasons influencing the choice. The increased 
air flow for any given diameter necessitates relatively long turbine blades 
and a smaller diameter turbine disc and permits an advantageous stressing 
of these parts. A wing nacelle or a fuselage enclosure forms a plenum chamber 
from which air is drawn to the compressor intakes. Velocity is lowered and 
any object sucked in may well fall to the bottom of the enclosure instead of 
passing into the compressor. 

I'he first aircraft to be powered by the Nene was a Lockheed XP80 
Shooting Star and recently tests have been eondueted on a De Ilavilland 
Vampire. In both instances an improvement in performanee was obtained. 
With the American aircraft speeds of the order of 580 in.p.h. and an excellent 
rate of climb to 42,()00ft. were achieved. 

Trent 

This pioneer Holls-Royee turbine-airscrew unit was tested in March, 
1945, and in September of the same year two Trents were installed in a 
Meteor. Experimental work with this unit dates back to May, 1944, when 
a compressor-turbine unit was equipj)ed with a spur-type reduction gear 
and tested for shaft horse-power. Tlie present Trent engine, which was 
produced purely to gain exiierienee with a unit combining jet and airscrew 
})ropiilsion, is still virtually a Derw'cnt with reduction gear and small-diameter 
five-bladed airscrew^ added. A])proximate weights during early development 
were as follows: — ^Weight of turbine unit, 1,000 lb., airscrew 250 lb., and 
reduction gear 250 lb. (total 1,500 lb.). 

Clyde 

Comparable in output with the Armstrong Siddeley Python, this R.IL 
turbine-airscrew unit has a nine-stage axial compressor and a single-stage 
centrifugal compressor. There are two turbines, the forward (high pressure) 
one driving the radial compressor and the rear (low pressure) one the axial 
compressor and counter-rotating airscrews. The gas flow may be studied 
in Fig. 104. 

Power figures for the Clyde are : 3,000 shaft horse pow^r plus 1 ,200 lb. 
static jet thrust at 0,000 r.p.m. The dry weight without airscrew is 2,500 lb. 



Fig. 104. On the Rolls-Royce Clyde the forward turbine drives the centrifugal 
compressor and the separate rear turbine the axial compressor and counter-rotating 
airscrews. The Clyde gives 3,000 shaft h.p. and 1,200 lb. static jet thrust at 6,000 r.p.m. 


CHAPTER VIII 


AMERICAN GAS TURBINES 

V ISITING En|(land in 1941 (icncral H. H. Arnold, C.-in-C., U.S. Army 
Air Forces, was so impressed with pro|jrcss in aircraft gas-turbines that 
he arranged for a Whittle unit to be shipped to the U.S.A. This subsequently 
became the prototype of the General Electric units installed in the Bell 
XP-59A experimental fighter. By April, 1943, the General Electric 1-16, 
based upon Whittle patents, was rated at 1,650 lb. static thrust at 16,500 
r.p.m., and a small production order was placed. Since that date, American 
mauulaeturers have produced a variety of turbine units, many of which, as a 
result ol the close technical liaison during the war, bear evidence of the 
influence of British practice. 

GENERAL ELECTRIC 
1-40 ( J-33) 

Woik on this single-stage radial compressor unit, Fig. 105, which now 
powers the Loeklu'ed P-80 Shooting Star, was initiated early in 1943. It was 
the first IkS. unit to adopt direct flow combustion chambers. 

Air enters through circumferential inhds at the front and rear of the 
double-sided compressor, the inlets ha\ ing screens to prevent ingress of foreign 
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flame tube and combustion is controlled by air admitted through holes in the 
tube. The temperature of the combustion ^»ascs is reduced by a progressive 

dilution of air and a layer 
of air traverses the lengtli 
of the outer casing and 
joins the main stream at 
the turbine nozzle. Two 
spark plugs mounted in 
diametrically opposite air 
adapters provide starting 
ignition and combustion 
is proj)agated to the other 
chambers through connec- 
ting tubes. The forty-eight 
blades of the turbine nozzle 
ring direct the hot gases 
on to the turbine wheel, 
wdiieh has fifty-four blades. 

Structurally, the 1-40 
consists of five major sub- 
assemblies (1 ) the accessory 
drive, (2) compressor, (3) 
air adapters, (4) combus- 
tion chambers and turbine, and (5) exhaust cone. Each sub-assembly is a 
complete operable unit in itself, so far as its particular function is concerned, 
and is interchangeable among all 1-40 gas turbines. Assemblies (1), (2) and 
(4) have their own bearings and rotors, so that they can be tested indepen- 
dently if desired. 

Two horizontal trumiions and a front sup})ort are used for mounting the 
unit. The two trunnions are placed between air adapters at the rear air inlet 
to the compressor, very near to the centre of gra\ ity while the front support 
can be mounted on either the top or the bottom of the accessory drive 
casing, depending upon the installation. 

A double-sided impeller with stub shafts bolted to each side comprises 
the compressor rotor. The front shaft is carried by a ball bearing and the 
rear shaft by a roller bearing, axial clearance being adjusted by a sliding ring 
which carries the outer race of the ball bearing. 

The turbine and combustion assembly consists of a turbine-bearing 
support, the turbine rotor, and a set of combustion chambers. The shaft 
of the turbine rotor is flash-welded to the disc and blades are dovetailed to 
the rim. The rotor is carried by a roller bearing at the rear end and a ball 
bearing at the front end, axial clearance being adjusted in the same manner 
as for the compressor rotor. A shroud covers tiie bearing support so that the 
cooling air can be brought along the inner wall ; this air then passes out 
through a cooling fan on the front side of the turbine wheel. 

Arranged around the turbine shaft the combustion chambers join at the 
turbine inlet to provide an annular flow of hot gases. At the entrance end 
of each combustion chamber, a piston ring joint is used in order to allow^ 
for thermal expansion. Lubricating oil passes through a filter and is delivered 
to the four main bearings, to the coupling sleeve between the turbine 
and compressor rotor shafts and to the quill-shaft splines which turn the 
accessory drive. Oil from the three main bearings between the rotor and 
from the coupling sleeve drains into a sump fn)m wdiich it is drawn by the 
scavenge pump and returned to the reservoir. At a turbine speed of 11, .500 
r.p.m., the supply pump has a displacement of about 3 g.p.m., and the scavenge 



8000 9000 10,000 11.000 12,000 RPrt 

Fig. 106. Fuel-flow chart for twenty 1-40 turbine 
jets. The curve passes through 4,740 Ib./hr. at 
11,500 r.p.m. 
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pump about 10 g.p.m. Gears and bearings in the accessory drive are lubri- 
cated by splash from the gear which drives the oil pump. 

Operating data for the T-40 are : — 

Fuel flow . . . . . . . . . . . . 4,740 Ib./hr. 

Specific fuel consumption .. .. .. .. 1.185 Ib./lb./hr. 

Exhaust temperature . . . . . . . . 632 deg. C. 

Compression ratio . . . . . . . . . . 4.120 

Compressor discharge tempe^’afure . . . . . . 212 deg. C. 

Combustion pressure drop . . . . . . . 3.18 Ib./sq. in. 

Turbine inlet temperature . . . . . . . . 811 deg. C. 

Air flow . . . . . . . . . . . . 79 Ib./scc. 

TG-100 

Installed in tlie Consolidated Vultee XP-81 fighter, this unit is designed 
to drive an airscrew. Detailed information has not yet been released, but it is 



Fig. 107. General Electric TG-lOO turbine-airscrew unit showing the arrangement 
of the reduction gear and the formation of the taii pipe. 

evident from tlie aeeoinpanying photograph. Fig. 1 07, that air enters the axial- 
flow compressor behind the reduction gear casing. The turbine drives the 
compressor direct and from the compressor the drive is transmitted through 
a reduction gear to the airscrew. Not all the energy is extracted from the 
gases by the turbine, and tlie efflux is projected rearwards as a j'et to provide 
a supplementary thrust. 

J-35 

A later development by the (ieneral Electric Co. is a unit known as 
J-35 or T(i-1 80 having an axial-flow compressor and seven straight-through 
Halford-t>pe combustion chambers. Fig. 108. 



Fig. 108. General Electric J-35 axial compressor, turbine-jet unit, infended for 

civil and military aircraft. 
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WESTINGHOUSE 
9.5-B (Baby) 

Designed to power an American flying bomb this unit, Fig. 109, as the 
designation implies, is only 9|in. in diameter, and yields a thrust of 275 lb. 
Because of its small diameter the rotational speed is exceptionally high. 



Fig. 109. Westinghouse axial-flow turbine-jets ; on the left the 19-B (“ Yankee ”) 
and on the right the “ Baby ” (9.5-B). The “ Baby ” was designed to power an 
American flying bomb. 

namely, 34,000 r.p.m. The manufacturers have suggested that it miglit be 
used for the propulsion of light aircraft but except, possibly, for experiment 
it is doubtful if such installations will materialise. There would appear to 
be more likelihood of a small unit of this type being developed as an auxiliary 
plant for pressurising the cabin of a large civil aircraft. 

19-B (Yankee) 

Built to the requirements of the U.S. Navy. this turbine /jet unit, Fig. 109, 
is installed in the McDonnel FD-I (IMiantomj tighter. The six-stage axial- 
flow compressor has blades with “ bulb ” type roots held in place in milled 
slots by wire locking keys which are turned up into the grooved sides of the 
blade root. Though having the same scetion, the blades in the first compres- 
sion stage are of deeper chord than succeeding stages, all of which are identi- 
cal except for blade length. At the maximum speed of 18,000 r.p.m. the 
centrifugal stress on the first stage is stated to be some 50,000 g. The cast 
aluminium compressor casing is made in halves wliieh bolt together along 
axial flanges. The easing has six grooves, five to take stator blade shroud 



AMERICAN GAS TURBINES 


ns 


rin^s and one for straightoner vanes. In most cases the stator blades are cast, 
though some are rolled. The complete straightener vane assembly consists 
of three rows, resembling in construction the stator assemblies. 

The main structural component of the unit is the fuel manifold and 
tlirust-bearing support, a built-up stainless steel unit consisting of three 
concentric rings joined by eight hollow streamline struts. It is located 
between the compressor and the combustion chamber assembly. 

In the annular combustion chamber arc 24 fuel nozzles. In some instal- 
lations the spray angle is 45 deg., but in-'inost others at 80 deg. Complete 
details of the combustion chamber have not been disclosed, but it can be 
said to include a perforated conical burner ring, so designed that the turbulence 
created gives com])lcte combustion at the high velocities develoi)ed. A layer 
of cooling air is directed ak)ng the inner surface of the casing shell so that tem- 
})eraturcs do not exceed 400 deg. F. 

The single-stage turbine disc, shaft and coupling flange are machined 
from a single forging. ^J'liirty-two turbine blades having bulb roots fitting 
into slots in the disc are held in place by peening the shanks of the roots into 
chamfers at each end of the slots. Inside the exit nozzle easing are four 
hollow streamline struts supporting a movable tail cone. As on the (ierrnan 
units the cone in ” position is for starting and idling, with reduced pressure 
behind the turbine, while the cone out position reduces the outk't airflow 
and increases back ])ressure on the turbine, thus reducing available energy 
to the turbine so that higher temperatures and more fuel are required to 
maintain rotative speed. The additional energy thus delivered to the jet is 
realised in the form of an increase in flow velocity through the reduced nozzle area. 

Accessori(‘s include ek'ctrie starter, generator, fuel pumj), oil pump, 
governor, vacuum or hydraulic pump, and tachometer generator, all mounted 
on a gear box containing a train of twelve gears, and located on top, bottom, 
or either side of the unit. 

Operating data for the 1 9-B are ; - - 

Air flow, static, sea level, maximum . . . . 28 lb. /sec. 

Air flow, .WO m.f).h., maximum . . . . . . 58 Ih./sec. 

Temperature at turbine nozzle, maximum . . 815 deg. C. 

Temperature at turbine nozzle, normal . . . . 649 deg. C. 

Turbine inlet temperature (1,800 r.p.m.) . . . . 55S deg. 

WRIGHT 

Long noted for its radial ty])e piston engines, the ^Vright Aeronautical 
Corporation has now embarked on a gas-turbine development programme and 
has announced its intention to s])ecialize on high powered units. 
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CHAPTER IX 


GERMAN GAS TURBINES: DETAILS OF UNITS 
PRODUCED AND PROJECTED 

W ITH tlic aim of discovering means to counter the heavy Allied bombing 
offensive, Germany pushed forward the development of a number of 
unorthodox methods of reaction propulsion for aircraft. Apart from turbine- 
jet engines and turbine-airscrew units, work was in progress at the termina- 
tion of hostilities on bi-fuel liquid rockets, tuibine-jet and rocket combina- 
tions, intermittent impulse ducts such as powered the V-1 weapon, athodyds 
or ram-jets, and athodyd and rocket combinations. Even solid fuel rockets 
were under consideration, not only for assisting take-off, but for the propulsion 
of specialised aircraft. The steam turbine was being investigated for airscrew 
propulsion. 

It is outside the scope of the present work to discuss all these novel sys- 
tems ; in any case, they were largely in the nature of expedients and, except 
by their more fanatical protagonists, were not regarded as solutions in them- 
selves to the problem of powering standard types of military aircraft. Thus, 
in all probability the rocket -propelled Me 16:1 and its later development the 
263 would eventually have been displaced by special interceptor versions of 
the jet-propelled Me 262 with a pair of liquid rocket units to supplement the 
main gas turbines. Factors militating against the general adoption of the 
liquid-rocket system for main propulsion were the excessive consumption 
rate of the special fuels required and the didiculty of supply and handling. 
Only with the general introduction of anti-aircraft missiles and new forms of 
pilotless weapons would these and other new propulsive systems finally have 
come into extensive use. As the power units of supersonic research aircraft , 
however, they would undoubtedly have })layed an important part in (iennany's 
development programme. 

Towards the end of the war, jet propulsion became very attractive to 
the Germans because of the case and speed of production of a turbine- jet 
unit as compared with a high-powered reciprocating engine and airscrew. 
In general, their designs were more advanced and necessarily more com- 
plicated than contemporary British units. However, they were heavier on a 
power/weight basis, less efficient as regards fuel consiim})tion, and not so 
reliable in operation as British units. IMieir axial compressors w^re prone 
to stall and instability of combustion rendered the unit liable to cut out unless 
carefully handled by the pilot. In service operation the period between 
complete overhauls was as low as 25-50 hours. 

Materials of suitable quality, in most instances denied to them by reason 
of constant bombing and the urgency of the deteriorating situation, would 
have provided muc*h improved results. Panic decisions by Nazi leaders led 
to frequent changes in leading personnel and their production jdans, which 
seriously handicapped Cierman output. Hitler was our best ally ” is a 
good method of describing the final phases of the war, after studying the ever- 
changing Nazi plans which hampered production. Co-ordination and strong 
direction was completely lacking, and high Nazi officials frequently over- 
ruled the judgment of experienced technicians. 

By contrast, this country pursued a definite policy without deviation 
or interruption, and scored thereby. This did not prevent desirable modifica- 
tions and up-to-the-minute changes dictated by experience to ensure the finest 
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aircraft for Service use. The larger (ierman factories were gradually driven 
underground by persistent bombing but, curiously, this was not a bar to 
production as it was found that due to more settled mentality, even tempera- 
ture and better conditions generally, more work was achieved. Metal stocks 
were large. The largest underground factory was at Nordhausen, Saxony, 
now in the Russian Zone. Here in a tunnel over a mile in length, with 
shafts on either side, some 30,000 workers — Russians, French, Italians, Poles 
and Germans — were employed on V-1 and V-2 weapons and Junkers and 
B.M.W. turbine- jets. 

These views were formed by the author during an olficially sponsored 
visit to (ierrnany and Austria in August and September, 1945, and talks with 
German technicians and British Service personnel. 

Although Daimler-Benz and Focke-Wulf had designed units of their own, 
German gas-turbine development was principally in the hands of B.M.W. , 
Heinkel (at first, alone, and later in collaboration with Hirth) and Junkers. 
Reference may be made to the pioneer Heinkel HeS3B and HeS8 units with 
maximum thrusts of 1,1001b. and 1,.500 lb. respectively, but these were com- 
pletely outmoded by the HeSOll, work on which was begun in 1941 and which 
had reached a fairly advanced stage of development when hostilities ended. 

Junkers did some preliminary work on gas turbines as long ago as 1936, 
but little progress was made until late in 1939, when the design of the Jumo 004 
was put in hand. After the war, it was revealed that the first unit of this 
type was tested about a year later and underwent flight tests in 1941. This 
early model gave a thrust of about 1,760 lb. The Jumo 004B, the sub-type 
selected for (juantity production, was designed at the end of 1941, and was 
first run about 12 months later. A prototype Me202 Vv^itli two 004B units 
was flown early in 1943. 

Tlie B.M.W. concern, although engaged in jet research during 1937, 
lacked the background of Junkers. Work began on their 003 project in 1939, 
the designed static thrust being 1,300 lb. The first unit was tested in 1940, 
but delivered only 990 lb., with a specific consumption of 2.2 Ib./hr./lb. 
thrust. Originally, the compressor had six stages, but tlie production 
version, rated at 1,760 lb. thrust, had seven. 

Whereas all the early product ion- type gas-turbines produced in Great 
Britain and, later, America, had radial compressors, German designers decided 
— quite independently, it would appear — to employ axial-flow compressors. 
This fact is interesting in view of Germany’s wide experience with radial 
compressors for various purposes, apart from engine superchargers. The 
designers were convinced of the paramount necessity of ensuring the smallest 
possible diameter and thereby low drag, and were confident that, despite 
its liability to stall, the axial compressor would ultimately prove to be the 
more eflicicnt. 

It is obvious from an examination of Germany's gas turbines that design 
was adversely affected by the need to conserve vital alloys. One of the most 
outstanding efforts lo overcome this handicap was the production of hollow 
turbine blades witfi internal passages for cooling air, fabricated from austenitic 
steel sheet. There was, of course, some loss in performance through diverting 
air from the compressor to cool the turbine in this way. Interesting experi- 
ments were being conducted on hollow water-cooled rotors and blades and 
also on blades of ceramic material. Variable area jet nozzles controlled by a 
“ bullet,” the use of a light Diesel oil (J2), as fuel and twin-cylinder two-stroke 
engines for starting, are features common to the three main types of German 
gas turbines (B.M.W. 003, Jumo 004 and HeSOll). 

It is worthy of mention that Germany’s early development of jet propelled 
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aircraft was grcatl> facilitated by the existence of numerous la\ ishly equipped 
experimental and researcli stations distributed around the countryside. 
The Luftfahrtforschunganstalt of the Hermann Oocrmg Institute at Volken- 
rode had a stall of 1,200 scientists, teclinicians and engineers during tlie war. 
There were seven tunnels for investigation of aerodynamic problems, as well 
as siqicrsonic wind tunnels for the study of laminar How airfoils and of 
problems ot rigidity and strength of materials. Ecpiipment included four 
interferometers for the visual examination and recording of air flow on models 
under ultra liigh speed conditions. 

In Munich, adioining the II.M.W. works, there is a unique high altitude 
test chamber, 3.8 metres diameter and 7 metres long, suitable for testing 
large turbine or piston engines. In the autumn of 1945 the author was 
conducted over this test plant by the resident H.A.F. engineer ofTieer and the 
German designer. Dr. (\ L. Socstme^er. With complete disregard for cost 
it was (‘quipped and fully instrument at ed ior engine tests under simulated 
conditions at altitudes up to ,>(),()0() ft. Air teiiqieratures can be lowered to 
—65 deg. C. and wind velocities u]) to 560 ni.p.li. are possible. (See also Chap- 
ter X). At the time of the visit British technicians had just arrived by air 
with a De Hav illand (ioblin jet jiropulsion unit for special tests under high 
altitude conditions and a Bolls-Ko^ce Derwent followed. Apparatus of this 
character will be available in Great Britain in the course of a year or two. 


B.M.W. 

The 003 unit is smaller and lighter than the Jumo 00 1 and the thrust 
rather less (1,760 lb.). In layout it (lilfers chiefly from the Junkers in having 



Fig. 1 10. B.M.W. 003 turbme-jet unit with seven-stage axial compressor. 


a single annular combustion chamber with sixteen burners, a leature which 
permitted an overall diameter a])])reeiably smaller than that of the Jumo 
(27.1in. against 30.4 in.). The single-stage turbine has hollow air-cooled 
stator and rotor blades and tlic adjustable bulled has internal cooling. 
Early experimental 003 units had six compressor stages but seven were 
standardised for production units and a new series was under development 
with eight stages (003D). 

Figures from the B.M.W. works show that air to cool tlie hollow stator 
and turbine blades consumed about 6\e per cent, of the compressor eajiacity. 
The compressor efhcieney was said to be 78 per cent, and that of the turbine 
79 per cent. A life of 50 hours between overhauls was claimed, after which 
the turbine required careful inspection. The writer counted 22 replaced 
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blades in a sinj^le turbine wheel. The turbine rotor eould be withdraw'n and 
replaeed in two hours witliout reino\in^ tlie eoni])lete unit from the aircraft. 
The total life of tJie combustion chamber was (juoted as 200 hours. 

It will be seen from the accompanying table of characteristics that 
developments of the standard B.M.W. 003A would liave increased thrusts, 
but for use in special interceptor aircraft requiring immense power for climb 
a special unit, designated OOUlt, was developed. This was basically a standard 
OOJlA with the addition of a B.M.W. 718 bi-fuel liquid rocket giving a thrust 
of 2,700 lb. for a period of three minutes. 

018 

Designed in 1940 on the same general lines as the 008 tliis unit was to 
lia\e a twelve-stage axial Ilow' eonqiressor, an annular combustion chamber 
and three-stage turbine running at 0,000 r.p.in. The thrust was to be 7,.520 lb. 
Progress was delayed b\ oui bombing but eventually a compressor was made 
and test(‘d. As the Allied armies ads aneed this unit was deliberately destroyed. 



028 

It AN as pioposcd to modify an 018 unit to drive contra-rotating airscrews 
through ])ianetar> reduction gears from the main compressor shaft. A fourtli 
turbine stage A\as to be added and 7,000 li.p. A\as expected at the airscrew. 

Project 3306 

ruder design aaus a unit intended to develop a static thrust of 8,700 lb. 
It resembled the 008A as it had a 7-stage axial eomjiressor and a single-stage 
turbine. Diameter anus increased from 27 to 88 Jin. and aa eight from 1,844 
to 1,980 lb. It AAas scheduled tor testing in the summer of 191<G. 

Project 3307 

Tins Avas a spe(‘ial expendable unit designed for very Ioav cost of pro- 
duction and intended lor the projmlsion of large calibre projectiles. The 
designed thrust v\as 1,109 lb. and it had a total va eight of 1,488 lb. Overall 
dimensions were 27in. diameter and 9ft. .^in. long. 

DAIMLER-BENZ 

Professor Leist developed the Daimler-Benz 007 (ZTL). It a\ as tested in 
the autumn of 1948 but work aaus stopped by the German Air Ministry on 
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the grounds of its over-complexity. Nevertheless, the unit was of great 
technical interest. A compressor and ducted fan were mounted on two 
contra-rotating drums, the inner directly driven by tlie turbine and the 
outer through gears at about half speed. The inner drum carried nine stages 
of compressor blading while the outer drum had eight stages of compressor 
blading internally and three stages of fan blading externally. The turbine 
rotor was cooled over 30 per cent, of its circumference by air drawn from the 
ducted fan circuit, the remaining 70 per cent, of tiie eireumference receiving 
the working gases. Four tubular combustion chambers were used, and 
provision was made for a fifth in ease it were found possible to reduce tlie 
amount of turbine cooling air. 

The unit, which weighed 2,870 lb., was 15ft. 2in. long and 33^in. in 
diameter. Under the designed conditions of operation, 550 m.p.h. at 19,000ft., 
the thrust was calculated as 1,363 lb. Other data are : — air mass flow 
through compressor, 17.6 Ib./see. ; air mass flow through fan, 35.2 Ib./see. : 
fuel consumption 0.55 \h./]\).lhT, Speed of turbine and inner compressor 
rotor, 12,000 r.p.m. 

Finally the significance of the contraction “ ZTL ” may be explained. 
This indicates Zweikreis-Turbine-Luftstrahl — literally two-circuit turbine 
jet, or turbine jet with augmenter. 

HEINKEL-HIRTH 

Designed by Herr Ohain, the Heinkel-Hirth HeS Oil was intended for 
installation in several new aircraft types of widely differing design and is of 



Fig. 1 12. HeS Oil jet unit with two-stage turbine. 

interest in that the compressor has three axial stages preceded by one 
“ diagonal ” stage which is partly axial and partly radial. An axial-flow^ 
inducer at the intake is another novel feature. The annular combustion 
chamber has sixteen “ fingers ” and sixteen injection nozzles ; the two-stage 
turbine has hollow blades. The adjustable bullet ” in the tail pipe has 
two positions only : fully “ in ” for idling and fully “ out ” for all other 
conditions. Thrust was 2,860 lb., speed 10,000 r.p.m., and weight 2,090 lb. 

HeS 021 

A reduction gear and propeller assembly had been developed for the Oil, 
the new designation being as above. The output at the propeller was expected 
to be 3,300 h.p. at 560 m.p.h. 
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Fig. 113. General arrangement of Heinkel-Hirth HeS 01 1 turbine-jet. 


JUNKERS 

The most famous of all the German gas-turbines, Jumo 004, was 
backed by between 25,000 and 30,000 hours of bench-testing. When Germany 
collapsed over 5,000 units had been made and production was at the rate of 
1,500 per month. The ultimate target was 3,000 per month. 

It was claimed the efficiency of the compressor was 85 per cent, and of the 
turbine 79 per cent. To cool the turbine blades and guide vanes 7 per cent, 
of the compressor output was diverted. 

After 30 hours service the whole power unit would be stripped for cleaning 
and overhauling of the compressor and for detailed inspection of the turbine 
wheel and combustion chambers. This work was remarkably simple and very 
cheaply carried out by women and slave workers. On about half the number 
of units overhauled a number of compressor rotor and stator blades needed 
replacement, due to damage from foreign bodies passing through the unit. 
Turbine blades were frequently cracked as a result of overheating occasioned 
by unskilled 
handling on the 
part of the pilots. 

It was asserted 
by the Junkers 
firm that a new 
engine could be 
assembled in 50 
man-hours and 
that a complete 
overhaul re- 
quired 100 man- 
hours. 

The Jumo 004 
has an eight- 
stage axial-llow 
compressor and 
a large diameter 
single-stage tur- 
bine. The com- 
pressor casing, 
divided on an 
axial plane, is of 



Fig. 1 14. Assembled rotor of Jumo 004 eight-stage axial com- 
pressor. 
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cast magncsiuni, and stator blades are assembled in half rings and 
bolted into each casing half. The duralumin blades of the compressor are 
dovetailed into staggered grooves on the periphery of light-alloy discs and 
are fixed by grub screws through each root. Stagger of the blades increases 
and the chord decreases in successive stages tlirough the compressor. 

The entry guide vanes and first row of stator blades arc of fairly thick 
airfoil-section light alloy, the second stator row being of thinner airfoil 
section, and the remainder of cambered sheet steel. The rotor is built up with 
two steel shafts attached to the outside faces of the first and last discs. The 
front compressor bearing comprises three ball races, each capable of supporting 
end thrust. I'he rear bearing consists of a single roller race. 

Cooling air is bled ofl* between the fourth and fifth compressor stages, 
and is led into the double skin surrounding the combustion chamber assembly. 
A small amount of air is allowed to pass into the space between the combustion 
chambers and the inner w all. Most of the air passes down a strut to circulate 
inside the bullet ” and to pass through small holes to cool the downstream 
face of the turbine disc. Some of this cooling air also passes into a double 
skin which extends to within about two feet of the linal nozzle. After the 
last compressor stage air is bled off internally and is taken through tunnels 
in two of the casting ribs to cool the upstream face of the turbine disc. More 
air is taken tlirough three tunnels in the central casting into the space between 
the tw o plate diajihragms in front of the turbine. Most of this air then passes 
into the hollow^ turbine nozzle guide vanes, emerging through slits in the 
trai ling-edges of the vanes. 

Tlicrc arc six combustion chambers, with interconnectors, disposed 
parall(‘l to and evenly spaced around the central casting carrying the rear 



Fig. 1 16. Jumo 004 combustion chamber dissembled. 

compressor bearing and the turbine shaft bearing. They arc of aluminised 
mild steel sheet and are numbered 1 to 6 from the rear. No. 1 being horizontal 
on the left. Igniter plugs for initial combustion arc in chambers 1, and .i. 
A fuel injector in each chamber injects fuel upstream. Swirl vanes are fitted 
to the forward end of each chamber, with battles at the rear, the hot gases 
passing through “ slot mixers ” formed in the rear side w^all. The hot gases 
then mix with the air w hich by-passes the combustion chambers. 

There are sixty-one sheet steel blades on the turbine rotor. Hollow air- 
cooled blades were adojited only because of the time factor in evolving 
suitable material to withstand the extremely high temperatures, and the 
necessity of conserving strategic alloying metals. These blades have forged 
box sectk)n roots and are fitted over lugs formed on the periphery of the disc 
and secured by a 5 mm. pin and a special soldering process. 

Mounted in the tail pipe is a movable “ bullet ” operated by a servo- 
niotor controlled from the throttle lever. A rack and pinion device moves 
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it longitudinally. On the ground or idling in the air the ‘‘ bullet is fully 
forward while the turbine is running up to J30 per cent, of the maximum 
r.p.m. Between 30 per cent, and 90 per cent, of maximum r.p.m. it is 

moved rearwards to re- 
duce the area of the jet 
orifice. At take-off it 
is near the end of its 
backward travel. For 
maximum performance 
in flight, above 20,000ft. 
jind at 400 m.p.h., it is 
moved to the extreme 
rearward position to 
provide maximum 
thrust. The servo-motor 
control is interlinked 
with a cjipsule sensitive 
to ram pressure, so that 
the position of the 
“ bullet " is adjusted 
according to the ram 
pressure and conse- 
quently to the forward 
speed of the aircraft. 

Oil is carried in an 
annular nose tank. 
There are two pressure 
pumps, one of which 
supplies oil to the 
r.p.m. governor servo motor and compressor front bearing while the second 
delivers oil to the rear compressor bearing and the two turbine rotor 
bearings. 

A Riedel fiat twin two-stroke petrol engine for starting is mounted in 
the air intake co-axially with the compressor shaft. From the cockpit it can 
be started electrically, but on the ground manual starting by means of a cable 
and pulley is possible. Particulars are : — bore 70 mm., stroke 35 mm., 
capacity 270 c.c., max. r.p.m. 10,000, output 10 h.p., weight 36 lb. 

The complete propulsion unit is fixed at three pick-up points, two above 
the rear compressor bearing, and one above the combustion chamber housing. 
All pipe lines and electrical connections are brought to a small panel above 
the compressor casing to facilitate installation. The simplified aircraft 
instrument panel includes gauges for fuel injection pressure, exhaust gas 
temperature, exhaust gas pressure, oil pressure, and an r.p.m. indicator. 

The following table should be studied in conjunction with the main 
particulars of the Jumo 004B included in the Table of data at the end of 
the chapter. 
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Fig. 117. Diagram showing influence of “bullet’ 
control of jet pipe orifice. 
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Fig. 1 18. The 270 c.c. Riedel flat twin two-stroke engine for starting turbine units. 

Jumo 012 and 022 

In common with other firms, Junkers aimed to produce units of much 
greater output. The Jumo 012 was intended eventually for installation in the 
Ju 287 bomber. It had an 11 -stage axial compressor and a two-stage turbine. 
Measuring about 17ft. in length this unit was to have a thrust of over (),000lb. 
and to weigh about two tons. With contra-rotating airscrews and appro- 
priate reduction gearing the 012 was to be designated as 022. 
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TIIRI S'l 

(lb.) 

U P.M. 

CONSITMP- 

IION 

(U) 11) hr.! 

C OM- 

PULSSOH 

Combi s- 

'llON 

Cii\Murus 

Tl RHINE 

I.ENl. Ill 

(ft. in.) 

l)l \M. 

(in.) 

Wt. 

(lb.) 

B.M.W . 
()();j\ 

1 ,700 

9.500 

1 1-7 

Axial-7 

\nniil.ir- 
16 bunuTs 

Axial- 1 

10 5 

27 

1 ,344 

003C 

1,900 

9,500 

— 

Axitil-7 

Vtinular- 
16 burners 

Axial- 1 

9 1 

27 

1,344 

0031) 

2,760 

— 


\xittl-8 

Annular- 
16 burners 

AxiaI-2 

10 5 

27 i 

1,366 

018 

7,520 
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Axial-12 
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13-11 

49i 

5,080 

He- 
1111011 
HeS 01 1 

2,860 

1 1 ,000 

1.31 

Semi- 

Axial-1 

AxiaI-3 

Annular- 
16 burners 

Vxial-2 

11 6 

34 

2,090 

Junkers 

Jumo 

004B 

1,890 

8,700 

1.4 

AxiaI-8 

6 

Axial-1 

12-8 

30 i 

1,585 

Jumo 

012 

6,000 

— 

1.2 

Axial- 11 



— 

Axial-2 

17-0 

— 

4,400 



CHAPTER X 


TESTING AND MAINTENANCE 

I T may Jmve occurred to the reader tliat some problems would be presented 
by the air- testing and development of early British ^as turbine units. 
IMu'se were largely solved by con\'erting a Wellington bomlxT to house a jet 
unit in the tail, in place of the turret. Later a J^ancaster Universal Test 
Bed was also adapted to carry a unit in wiiat was previously the bomb 
bay, the advantage being that any of a variety of units of difl'en'iit shape and 
dimensions could be slung very conveniently. The first unit to be tested in 
the Lancaster was the A.S.X. Fig. 119 shows a IMetropolitan-Vickers axial- 
flow unit installed in the tail of a Lancaster. A feature of turbines is the 
rajiidity w ith wiiich they may be installed or n inoved. 

Gas Turbines on the Test Bed 

At least three different types of test houses are used by the De llavilland 
Company at Hatlield for their gas turbine engines. These include the early 
])rodueti()n beds, a later design, and the ex])erimental te^st houses. In 
each case the arrangements are similar but the houses differ in detail and in 
type and quantity of instruments and equi])ment. Each ])roduction test 



Fig. 1 19. A Lancaster flying test bed with a Metropolitan-Vickers turbine-jet in the 
tail. The intake is above the fuselage. 

house is separate and self-contained and comprises basically the engine com- 
partment, the control room and the exhaust tunnel, while in addition there 
are pump, filler, rectifier, tank and fan rooms. A turbine on its stand is 
wheeled in through a door in the near end of the exhaust tunnel, positioned on 
the floating test platform which is supported on rollers, and secured. A 
forked flexible air-intake duet is attached to the elephant's ears, ])ipe lines 
and controls are connected up and exhaust detuner duet and tail j)ipe guard 
are brought into position. Jt is a great deal simpler to install a jet engine and 
measure the thrust it produces than to set up a comparable airscrew unit for 
the measurement of shaft horsepower. The time taken for Goblin units is 
about two hours and removal takes 1 J hours. 

Thrust is measured directly through the reaction of the unit or mounting 
against a statimeter transmitter button. The movement is very small — 
about gin.— and the button on production beds is eonne(*ted by capillary 
tubing to a Bourdon gauge registering in pounds thrust. A plate for contact 
with the button is now provided on the intake easing of the power unit ; 
previously this was })laeed on the engine cradle (a still later design provides 

124 



TESTING AND MAINTENANCE 


125 


for the transniittcr button on the engine bearers). In eonnection with thrust 
measurement, a very simple dead-weight direet ealibrating deviee has been 
installed. On the most modern beds Cioblins are seeured to a floating platform 
eonneetcd by a system of levers to a large Vandorne and Hart weighing 
machine from which a direet thrust reading in pounds is obtained. The 
dial is large and carries two scales. A capacity-change lever selects the 
loading for the zero to 3, 500 lb. or the zero and (5,000 lb. scale. 

When the unit is running, temperatures, pressures and consumptions arc 
observed and recorded in a sound-proofed <*ontrol room in the same way as 
for any other type of engine. The particular system of stroboscopic engine- 



Fig. 120. The control room of the De Havilland test house described in the 
accompanying notes. 


sj)eed measurement on some beds is interesting and a little out of the ordinary. 
TJie set-u}> is the work of tlie De Havilland Company, and incorporated are a 
master tuning fork with elect rieally-eontroiled frequency and a three- 
aperture seaiming disc, both in the engine com part nieiit. The r.p.ni. are 
indicated electrically in the control cabin and the scanning disc is obscr\cd 
through the double window to the engine compartment. When testing any 
power unit, the requirement is usually to run at predetermined engine speeds 
(as opposed to measuring r.]).m. for example at given throttle settings or 
combustion temperatures). The stroboscopic seaiming disc gives accurate 
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readings through its three apertures for thousands, hundreds and fractions 
of one hundred r.p.m. 

Temperatures observed include those of the air-intake duct, compressor 
delivery, combustion chambers, jet pipe (at four points), rear and front bear- 
ings, oil sump, Hey wood compressor, and for instrument correction, the con- 
trol cabin and filter room temperatures. Among the pressures measured are 
those for diffuser, turbine, intake duct, impeller tip, tail pipe and vacuum 



Fig, 121. A diagrammatic layout showing the pick-up points on a D.H. Goblin 
for the various test instruments. 


pump. The main hydraulic ])ump is checked in conjunction with a loading 
valve up to 3,000 Ib./sq. in., and the Marshall blower for pressure cockpit 
or cabin has a large receiving tank in the filter room. 

With the exception of the exhaust tunnel the test houses arc very com- 
pact. Intake air is conveniently drawn in through a large duct over the 
test cubicle and passes through “ splitter ” panels before entering the filter 
room. In that the engines must often inhale non-filtered air when installed 
in an aircraft they are expected to do so on test. The name filter room is, 
therefore, something of a misnomer for what is in effect a large intermediate 
compartment in the intake-air duct system. 
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At the end of the exhaust tunnel a brick blast wall is provided to deflect 
the jet vertically upwards. 

The test schedule laid down for Goblins is as follows : — 

(1) Preliminary adjustments and starting test. 

(2) Non-stop run of two hours, consisting of 5 min. at idling speed, 
1 hr. 45 min. at maximum cruising speed, 5 min. at climbing speed, 
and 5 min. under take-off conditions. 

(3) Acceleration tests from idling speed to maximum r.p.m. 

On completion of the preliminary tests the engine is stripped down, 
inspected and rebuilt. It then goes through a final test consisting of : — 

(1) A run of 15 min. at maximum cruising speed. 

(2) Accelerations from idling speed to take-off r.p.m. 

(fl) Complete ihrust calibration over the whole speed range. 

High-altitude Test Chamber 

The German B.M.W. “ Ilerbitus ” high-altitude test plant at Ober- 
weisenfeld in Austria, which, in its existing form, cost 6,000,000 marks, and 
was to be developed at a total cost of 9,000,000 marks, was inspected by 
the author on a visit to Munich after the war. 

llie layout of the piping associated with the plant is shown diagrammatic- 
ally in Fig. 122 (top) and below is'a chart indicating the corresponding pressure 
and temperature variations of the air as it passes through the unit. A three- 
stage centrifugal compressor delivers air at about 2.5 atmospheres absolute, 
and expansion down to desired altitude conditions take place in a single- 
stage axial turbine, the corresponding temperature drop being controlled by 
two large water and brine coolers forming part of the plant. Power recovered 
by the turbine is returned to the compressor so that the driving motor of the 
latter has only to make good the circuit losses. 

The exhaust system eompris(‘s two four-stage centrifugal pumps which 
can be operated either in series or in parallel, depending on the altitude con- 
ditions required. 

Illustrated in the centre of the diagram is the test chamber proper which 
consists of a steel cylinder about I2ft. in diameter and 30ft. long which can be 
evacuated to a static i)ressure equivalent to an altitude of 50,()()() ft. Air can 
be supplied to the intakes at 5.50 m.p.h. and temperatures down to — 65 deg. C. 
maintained. The rear end is detachable to enable the unit on test to be 
wheeled in or out and a special cylindrical nose-piece, which slides freely 
inside elaborate packing on the main intake nozzle is provided. An air 
supply of 11 lb. /see. under ground-level conditions keeps the exterior of the 
unit cool and prevents overheating of the auxiliaries and electric cables. 

The recording room is entirely separated from the test house proper, and 
is a model of ingenuity and neatness. Engineers in the control room adjoining 
the sealed engine chamber are able to peer through the periscope and to note 
frost encrustations on the exterior of the unit. 

Service Notes 

Hitherto there has been no authoritative statement on the subject of 
servicing gas turbines. The following notes by Squadron Leader R. Cracknell, 
M.B.E., A.M.I.Mech.E., were prepared for a talk before B.O.A.C. maintenance 
engineers. The interest they aroused prompted considerable discussion 
and in reply to criticisms the author pointed out that they were written as 
a generalization on a variety of gas turbines and were not confined to any 
particular design. He found it diflicult to accept a suggestion that “practically 
every defect ” falls under the heading of “ power losses,” maintaining that 
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..M.W. works near Munich. Temperatures 
down to— 65 deg. can be maintained. 
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there arc many defects which may arise, though seldom do, that have no 
direct bearing on power output. On the subject of propelling nozzle dis- 
tortions he agreed that these were very rare on British gas turbines. 

The gas turbine is very considerably simplified compared with the 
piston engine by virtue of the smaller number of moving parts. Absence 
of such components as magnetos, plugs, ignition harness and carburettors, 
together with the mechanical side including pistons, connecting rod bearings, 
valve gear, supercharger, airscrews and reduction gears confers obvious 
advantage. 

In general, operating experience has proved this type of engine to be 
exceptionally trouble free and reliable. During the early days of development 
there were customary teething troubles, chiefly confined to the fuel system 
and bearings. There was also a period when the cracking of impeller blades 
was not an uncommon occurrence. The combustion assembly has remained 
fairly reliable throughout the development life of the engines which were 
cleared for fliglit, the chief trouble being confined to llame-tube distortion 
and, in the earlier days, carbon formation and coking troubles, customarily 
due to faulty burners. Turbine failures have, fortunately, always been very 
remote. Usually this only happened when the engine was undergoing trials 
of a severe character in the test chamber, when results were not unnaturally 
eatastrophic. 

The operating costs of a power plant take into account the primary 
costs attributed to labour and materials, plus the overhead charges pertaining 
to servicing and maintenance. When comparing these costs witlx those of 
the reciprocating power plant, it will be seen that the jet has many inherent 
advantages including appreciably reduced labour expenditure, due to the 
simplified maintenance, cheaper and safer fuels and, relevantly, insurance 
reductions concerning fire risks and compulsory precautions, quicker turn- 
arounds, representing increased flying hours available per unit period, and 
in addition high reliability. 

The compressor and turbine rotor assembly and also the wheelcasc 
drives for the various auxiliaries are now virtually trouble-free. The only 
remaining source of trouble is the fuel system, where periodically such 
components as the fuel pump or A.C.U. may need replacement, due to failure 
or internal maladjustment. (It has already been stated that the gas 
turbine is exceptionally trouble-free and reliable). 

Jet engines are installed in airframes as complete units with the jet pipe 
detached from the exhaust cone, depending on the particular design. The 
engine mountings normally consist of two or three main trunnion bearers, 
and on(‘ front or rear mounting pick-up point with a tail support for the 
jet pipe, of hinge design, to allow for longitudinal expansion under running 
conditions. The following is a typical list of components to be connected. 

(I) Engine, (a) Fuel pipe to the engine pump and Altitude Control Unit or 
“ over-speed ” governor return ; {b) fuel drain pipes from the fuel system ; (c) elcetric 
starter motor and booster eoil electrical connections ; {d) auxiliary drive to the acces- 
sory gear box (if fitted) ; (c) accessories and connections (where auxiliary gear boxes 
are not used) ; (/) fire extinguisher ring. 

(II) Controls, (a) Throttle and II.P. coek. 

(III) Instrumentations — (or) Jet pipe temperature thermocouples ; (b) ll.P.M. 
laehometer connections ; (c) burner pressure fuel gauge connection ; (d) oil pressure 
and temperature connect ions. 

It is normal to take a series of readings at cruising, climbing and maximum 
take-off r.p.m. conditions during the proof run for flight clearance after 
installation. The only adjustment normally found necessary during this 
proof run is the governor setting to give the desired maximum r.p.m. and 
the idling r.p.m. stop on the throttle by-pass. 
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Engine Changes 

It is invariably quicker to change an engine installed in an aircraft than 
to rectify any major defects. A typical period of installation life laid down 
for a gas turbine of centrifugal design at the present time is up to 180 hours. 
This, however, does not represent the life of the engine by any means, but 
rather a safe conservation pending further experience. The useful life of a 
gas turbine may very well ultimately reach 1,000 flying hours without 



Fig. 123. By reason of the absence of an airscrew the undercarriage of a jet-pro- 
peiied aircraft is exceptionally low and most servicing operations can be effected 
conveniently from ground level. 

difficulty, particularly when not subjected to sudden inertia changes, as in 
the case of fighter aircraft. 

Time-study investigation reveals a substantial saving in man hours for 
engine changes compared with the piston engine. Broadly speaking there 
is about 70 per cent, saving in labour costs. 

Daily Inspection 

Daily servicing of a gas turbine compared with the orthodox reciprocating 
I.C. engine power plant is also in every way far simpler and less involved. 
The two chief sources of trouble experienced on the reciprocating engine are 
considered to be attributable to ignition and carburation. Both these 
factors are non-existent in the gas turbine, while in the case of the simple jet 
engine there is the further elimination of the airscrew and its controls. 

From the labour aspect a pronounced saving of man-hours is effected. 
To quote experience, the average time to complete a I). I. on a modern 
reciprocating power plant takes an experienced cn‘W approximately man- 
hours (including all trades), whereas a D.I. on a Derwent, installed in a 
Meteor, for instance, can be completed in about 15-20 per cent, of this time, 
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representing approximately 83 per cent, labour saving. The figures given 
are only an average and do not take into account any exceptional troubles 
which may be experienced. 

A normal daily inspection on a jet turbine may be summarised to consist 
of an external examination for oil and fuel leaks, checking the correct level 
of the lubricating oil in the oil reservoir, viewing up the jet pipe (by torch or 
mirror reflection) for any signs of turbine blade damage or heat effect, and a 
“ motoring ” check for freeness of rotation (by operating the engine through 
the normal method of starting with the li.P. cock “ off ”). It is not normal 
to remove the main engine nacelle cowlings for D.I.s, and in certain instances 
ground run checks arc not considered essential. 

Minor Inspections 

These are arranged to synchronise with the airframe inspection periods. 
This system has a direct reflection on the operating costs and flight planning 
of the aircraft. The average time taken to carry out a minor inspection on a 
centrifugal installation represents approximately 10-12 man-hours per power 
plant and does not necessitate removing the engine from the airframe. Such 
work occupies but a fraction of the time taken to complete the airframe 
inspection. Again by comparison, it shows a marked contrast to the 
reciprocating engine, which may take up to 60 man-hours. 

A typical minor inspection for the centrifugal compressor gas turbine 
will include : — 

(a) Impeller-blade inspection for signs of cracks, etc. (visual). 

(b) Removal and partial inspection of the combustion assembly for distortion 
or flame tube buckling, also for any signs of carbon formation, due to fuel spray 
impingement or flame chilling. 

(c) Air casing inspection (for distortion and fracture) (visual). 

(d) Turbine nozzle guide vane inspection (visual). Jet pipe removed for the 
examination for cracks, blade distortion or local overheating. 

(e) Turbine blade inspection (with jet pipe removed) for signs of fatigue cracks, 
buckling or loose blades. 

(/) Turbine blade tip clearance check. It is normal to check the tip clearances 
at 4.5 deg. intervals around the periphery of the shroud ring to determine the minimum 
blade clearance. This action gives a mechanical check on the growth of the turbine 
disc and blades or distortion of the shroud ring. (Turbine blades usually carry a 
safety lip at the tip which is designed to give way in the event of a turbine “ rub ” 
Such t roubles, however, are now very rare.) Conversely, excessive tip clearances are 
detrimental to the turbine efficiency since the gas leak rate is increased. 

(g) Exhaust cone inspection for buckling and cracks. 

(h) Oil scavenge filter inspection. 

(?) L.P. and H.P. fuel filter inspection. 

(j) General visual inspection of the engine. 

Major Overhauls 

These will necessitate the removal of the engine from the airframe and the 
carrying out of a complete strip for both visual and dimensional checking. 
In the past it has sometimes been found necessary to renew the flame tubes 
and refit new burners. Little deterioration is experienced with the main 
rotor assembly. 

Ground Handling 

Practically all ground equipment required for the normal servicing and 
maintenance of jet aircraft is standard. Typical items peculiar to jet engines 
(apart from the relevant tool kits and engine slings) may be considered to 
consist of high-capacity, close-mesh fuel filters from the Bowser supply to 
the aircraft fuel tanks, air intake and propelling nozzle covers to protect 
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the compressor and turbine when not operating, and portable pyrometry 
test gear for thermo-couple testing. 

Certain essential i)recautions are enforced in tlie intc^rests of safety during 
all ground running of jet engines installed in aircraft, ])artieularly during 
proof runs when tlie nacelle cowlings are not fitted. Apart from the dis- 
comfort of noise, it is unwise to approach the vieinity of tlie compressor 
intake when the turbine is operating under power, due to the high suction 
effect in the proximity of the air intake. Possible consequences may be 
serious to the individual and disastrous to the engine. 

In this respect, loose items of clothing or articles are a great source of 
potential trouble. One-piece boiler suits are considered the ideal clothing 
for ground personnel engaged on this work. It is also highly recommended 
that all ground personnel associated with continual ground running of jet 
engines w^ear ear defenders for the protection of the ear drums from the high- 
frequency vibrations which are emitted during jiower running. 

When carrying out ground runs it is most important that the compressor 
intake or intake duct is facing into wind. This is essential for three reasons : 
first to ensure that the exhaust gases do not recirculate to the air intake, 
which would have the detrimental effect of raising the jet pipe temperature 
(particularly emphasised at idling r.p.m.), the latter being dependent on the 
square of the intake temperature change ; secondly, cooling of the engine is 
assisted ; and thirdly, on shutting-down, the ram effect from the ambient 
air has the helpful result of purging the engine. 

Observation should also be made to ensure that the exhaust gas stream 
has a clear path after emission. No area or objects subject to heat effect or 
deterioration should be in the path of the jet stream. 

In preparing a jet engine for storage, the normal protective action is 
taken by inhibition spraying of the engine. It is unnecessary to carry out 
any special precautions otlier than the normal blanking, etc. Corrosive 
reaction is not present, since leaded fuels are not used. If practicable, it is 
advisable periodically to rotate the rotor to preserve the oil film on the moving 
components, though this is not considered absolutely essential. 

Operational Faults and Rectifications 

Due to the inherent simplicity of the simple gas turbine, it has been 
stated that little trouble is normally experienced concerning the servicing 
and operation compared with a modern reci])rocating power })lant. What 
troubles arc experienced can be traced and analysed without much dilliculty 
The troubles encountered may be separated into four main categories : — 

(a) Failure to start. 

(b) Rough running. 

(c) Erratic operation. 

(d) Incorrect jet pipe temperature indication. 

Failure to Start 

When a gas turbine fails to start there is little object in continuing the 
attempt. Actually it may prove disastrous by possibly producing an 
excessively hot start, or alternatively aggravating existing mechanical failure. 
The cause will invariably be traced to one of the following troubles : — 

(1) No Ignition.— Elimination of the ignitor plugs, booster coils, electrical 
starter circuit and accumulator state will define this cause. 

(2) Insufficient Fuel Pressure to the Burners. — Low fuel pressures may be due 

to one or more of the following causes : («) A faulty fuel pump ; (h) exc<‘ssive fuel 
leaks ; (c) an excess A.C.U. relief (if fitted) ; (d) failure of the ])ump valve or fuel 

accumulator to operate ; (e) insufficient r.p.m. to produce requisite fuel pressure and 
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mass flow ; (/) slow-running adjustment of the throttle by-pass set at too low a 
value ; (g) air in the fuel system. 

Items (b) (d) and (e) will be indicated visibly, while (a) (c) (f) and (g) can be 
examined independently. 

(3) Insufficient r.p.m, — This usually indicates a low voltage of the accumulator. 
It may also be caused by the starter motor not receiving full electrical power due 
to the energising solenoid resistance not breaking contact. Alternatively, the partial 
seizure of the rotor or an auxiliary drive may be the cause. (Tlic r.p.m. indicator 
should first of all be checked for correct reading before suspecting any of the above 
faults unless they are obviously apparent.) 

(4) Mechanical Failure. — It is seldom that the rotor (combining the compressor 
rotor or impeller and turbine) gives rise to any mechanical failure. It will be appre- 
ciated that this is more apt to happen when running under “ power ” conditions. 
This failure, however, is a very rare occurrence. Secondary mechanical failures 
include the fracture of auxiliary drives and gear trains affecting components such as 
H.P. fuel pump, starter motor, oil pressure and scavenge pumps and any auxiliary 
components. 

Rough Running 

As a gas turbine produces its power by rotation of the major components 
tliere is very little vibration compared with the reciprocating I.C. engine 
where high opposed inertia forces are present. There are in certain engines, 
however, the eliaraeteristic critical periods operating through certain ranges 
of r.p.m. which it is advisable to avoid in view of the resonance set up, which 
eventually may lead to an impeller or turbine blade failure in the form of 
fatigue. What little vibration does exist in a gas turbine is of very high 
frequency, around the order of r.p.m. cycles per second. If there are any 
signs of unusual roughness, this may possibly be due to the impeller and 
turbine rotor combination being out of dynamic balance, probably due to 
a partial failure of an impeller or turbine blade. Both these instances are of a 
serious character and necessitate a complete strip of the engine. Defective 
rotor bearings or auxiliary drive failures may also promote rough running. 

Erratic Operation 

Erratic rimning will be attributed in practically every instance to the 
fuel system, and in such cases it is customary to change either the throttle 
valve or the A.C.H. (if fitted). When the fuel system is incorporated with an 
“ all-speed ” governor, this unit will be suspect. In certain cases, erratic 
running may be due to one or more burners in the combustion system being 
choked, thus causing bad distribution ; this fault is usually indicated by 
viewing up the propelling nozzle from a distance while the engine is running 
and observing any local hot-spot areas wiiich may be apparent around the 
annulus of the turbine blades. 

Failure of the flame tubes of the combustion system will also produce 
erratic running plus a loss of pow er, usually indicated by a high burner pressure 
and a high jet temperature. A loss of power may be due to one or more of 
the following causes : — 

(a) Insufficient burner pressure (indicated by a low jet pipe temperature). 

{b\ A faulty combustion system due to excessive carboning or failure of one or 
more name tubes due to heat deterioration. 

(c) Choked burners (indicated by high burner j)ressurc and a drop in maximum 
r.p.m.). 

(d) Excessive clearance of the impeller to the impeller casing, allowing a large 
pressure loss. 

(c) An aerodynamic breakdown of the turbine nozzle guide vanes or turbine 
blades. 

(/) Gas leaks at the turbine shroud exhaust cone joints or jet pipe. 

(g) Distortion of the propelling nozzle. 

(h) Partially seized bearings. 
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Fig. 124, Accessibility of the Goblin turbine-jet unit is an outstanding feature of 
the D.H. Vampire fighter. 

High Jet Pipe Temperature 

May be due to one or more of the following eauses : 

(a) Faulty Pyrometry.— In the event of the instrumentation being at fault 
this can be cheeked by introducing a master thermocouple, which has a known 
calibration, into the jet pipe. 

(b) Engine Overspeeding. — This will be indicated on the r.p.m. counter and also 
by a high burner pressure. 

(c) Partially Blocked Compressor Intake. — This causes a high fuel/air ratio, 
^i) Running the engine W’ith the aircraft heading out of wind, so causing the hot 

exhaust gases from the propelling nozzle to recirculate and re-enter the air intake, 
(ii) Turbine Cooling Air. — At fault, causing excessive blade temperatures. 

(d) Faulty combustion, such as buckled or partially collapsed flame tubes or a 
heavy gas leak, causing a high F/A ratio. 

(e) A falling-off in compressor performance. 

High jet-pipe temperatures must be investigated without delay. On 
this depends the life and safety of the engine. Short bursts of high jet-pipe 
temperature may be permitted on certain engines for a matter of seconds, 
particularly when starting, but this condition should never be allowed to 
continue to any saturation point. Wlien an engine has been subjected to 
overheating, particular attention should be given to the turbine blading 
for any indication of temperature fretting or distortion. These faults are 
only a general appreciation. Each particular type will necessarily have its own 
peculiarities. 


CHAPTER XI 


CURRENT TYPES OF TURBINE-PROPELLED AIRCRAFT 

D ue note having been taken of pioneer aircraft powered with gas turbines 
it will now be useful to review the characteristics and performances 
of modern types. In view of the high speeds attainable with the turbine 
power plant it is not surprising that with two exceptions these aircraft were 
designed primaril^^^ as fighters. Heavy bombers and large civil air liners, 
as well as mail planes and freighters, are imminent or on the way. 

Regrettably, it is not yet possible to mention any Russian machines 
using gas turbines, though Soviet designers are known to have been studying 
this class of power plant since before the war and are now able to draw on 
the wide experience of German technicians. Japan too was busily developing 
jet-propelled aircraft based upon German types when hostilities ceased. 

The advanced state of development achieved in five years is an impressive 
tribute to the inherent simplicity of the gas turbine and the surprising ease 
with which the unit in its various forms can be incorporated in new designs 
of aircraft. Among the new types reviewed are examples of aircraft with 
turbine-airscrew as well as turbine-jet units. The desirability of “ mixing ” 
power units in this manner on a single aircraft was discussed in previous 
editions of this book. Otiicr examples are in the development stage. 

GREAT BRITAIN 
De Havilland Vampire 

This remarkably successful fighter has a single Goblin II turbine-jet 
of 3,000 lb. thrust and with full operational equipment, including four 20 mm. 
cannon, attains a top speed of 540 m.p.h. This figure has been handsomely 
exceeded during development fiying, but it can be taken as the Vampire’s 
normal “ guaranteed ” maximum at 20,000 feet — ^neither the outcome of 
any special modification, nor the result of designing an aircraft for a high 
maximum speed at the expense of other considerations. The installation 
of a De Havilland Ghost of 5,000 lb. thrust further improves performance. 

The Vampire’s wing loading — 32 Ib./sq. ft. at normal operational weight 
— is very low for the class, and is, in fact, some 10 to 12 lb. less than that 
of the Mosquito and Hornet. The effects of this moderate loading, coupled 
with very good control response at all speeds, can be seen in the Vampire’s 
astonishing qualities of manoeuvre and comparatively low landing approach 
speed. 

From the operational viewpoint the layout of this single-jet fighter 
has considerable advantages. The rear position of the unit gives the pilot 
an excellent view, even when approaching to land slowly under power. 
The absence of an airscrew makes the nose wheel a practical proposition, 
while the pusher ” layout enables the armament to be mounted in the 
fuselage ; the guns do not, therefore, need to be harmonised for a particular 
point of impact. Finally, the use of the turbine jet power unit means that 
no time need be wasted in w^arming-up prior to take-off. 

It might have been imagined that a “ pusher ” design w^ould have 
involved the designers in diilicult problems concerning centre-of-gravity 
location ; in fact, such a layout could hardly have been practicable with a 
normal piston engine and airscrew. How^ever, the low w^eight of the unit, 
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coupled with the fact that heavy items, such as the cannon, can be carried 
well forward of the c.g., has made the design not only practicable but even 
congenial. The total “ fuselage ” strueture is elaimed to be lighter than any 
more eonventional layout of a shape and size necessary to provide a jet 
outlet. Locating and shaping the necessarily large air intakes was not easy, 
but with the layout adopted something like 90-9.5 per cent, of available 
ram effect has been utilised without encountering any specially diflicult 
airflow repercussions. The fact that the Goblin compressor is of the “ single- 
sided ” type considerably simplified the positioning of the intakes. 

Although, with its boomed tail, the Vampire may appear strikingly 
unconventional (and it is certainly ingenious in conception) the detail con- 
struction is quite straightforward. The entire aircraft is, so to speak, built 
around a simple nacelle unit with its power plant and wing attachments and 



its intake duct system. The nacelle itself is constructed, on familiar Mosquito 
lines, of balsa wood sandwiched between plywood sheet, and is made in 
two half-shells with joints along the top and bottom centre-lines. The wing 
is sharply tapered in plan and thickness and has an N.P.L. section designed 
to give the least possible drag at high speeds while retaining good low-speed 
characteristics. 

There is nothing unusual about either the controls or the tab arrange- 
ment. The split flaps are in four portions and can be set at an angle up to 
80 deg. Further outboard are the air brakes which can be applied at any 
speed up to 500 m.p.h. 

Fuel in the Mk. I Vampire is carried in three tanks one in the nacelle 
and one in each wing. These last can be either of the 50 or 100-gallon size 
and are continuously pressurised. The Mk II version has extra tankage 
outboard of the undercarriage wells. 
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Built into the tail pipe shroud is a heater muff, to which air is fed from 
an intake outside the main starboard air intake, then heated and delivered 
as required to the cockpit and guns. When necessary the muff can, of course, 
be by-passed to provide cold-air ventilation. Provision is made for a pressure 
cabin, a blower providing a relatively increased cockpit pressure of 2-2 J 
Ib./sq. in. The instrument panels carry only six engine instruments — for oil 
pressure and temperature, turbine r.p.m., burner pressure, jet pipe tempera- 
ture and rear bearing temperature. 


De Havilland Sea Vampire 

This “ Navalised ” version of the Vampire is basically similar to the 
land aircraft, the major differences being an increase of flap area and the 
installation of an arrester hook. 

With a jet unit there is always some slight delay in power build-up from 
small throttle openings, and in order to permit high turbine revolutions and 
consequently quicker acceleration if suddenly needed during the approach, 
the flap area has been increased. By using full flap, with the additional 
drag provided by the air brakes, the pilot can make his approach at com- 
paratively wide throttle openings, and, in tlic event of a “ wave-off,” is able 
to obtain full power quickly and, at the same time, immediately to reduce 
drag by retracting the air brakes. The result of air-brake retraction naturally 
results in a momentary loss of lift, but, at the same time, produces a slight 
nose-up effect which eff(‘etively cancels out the loss. 

liOW-built tricycle aircraft such as the Vampire should have considerable 
advantages for carrier operation. Not only does the nose-wheel arrangement 
prevent any swing on take-off and ballooning tendencies on landing, but it 
also makes the aircraft easier to manhandle, while the shortness of the under- 
carriage should permit simpler stowage. 


Dimensions and Weights : 

Span ... 

Length 

Height 
Wheel traek 
Structure weight 
"I’are weight ... 

(’ombat weight 
All-up weight 


D.H. 100 VAMPIRE 
Goblin II Turbine Jet. 


Performanee : 


44ft. 
OOft. 9in. 
8ft. lOin. 
lift. 3in. 
2,517 lb. 
0,372 lb. 
8,578 lb. 
10,298 lb. 


Maximum speed (20,000ft.) 
Initial rate of elimb 
Take-off distance to 60ft. 

10,298 lb 

Landing distance from 50ft. 
8,678 lb 


... 540 m.p.h. 
4,200 ft. /min. 
at 

850 yd. 
at 

... 1,150 yd. 



FI TEL AND 
RANGE 

MARK 1 

MARK II 

Total fuel capacity ... 
External drop fuel tank 
(included in above) 
Patrol duration 

Patrol duration* 

Still air range 

Sea level 

Sea level 

30, 000ft. 

Sea level 
30,000ft. 

402 gal 

200 gal. 

1.8 hours 

] .8 hours at 270 m.p.h. 
2.25 hours at tOO m.p.h. 
500 miles at 400 m.p.h. 
1,050 miles at 450 m.p.h. 

554 gal. 

200 gal. 

2.0 hours. 

2.6 hours at 270 m.p.h. 

3.2 hours at 400 m.p.h. 
680 miles at 400 m.p.h. 
1,400 miles at 450 m.p.h. 


♦ With allowance for elimb and 15 min. combat. 


Gloster Meteor IV 

That a fighter should lose only 21 m.p.h. by carrying full military load, 
as compared with one specially groomed for the world’s sjieed record, may 
appear astonishing, yet that is true of the Gloster Meteor IV. In fact, the loss 
in speed is probably somewhat smaller, since the thrust from the two 
Derwent V engines in the Service version may be assumed to be lower than 
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that available in the 606 m.p.h. reeord maehine, the power units of whieh, 
though capable of 4,0001b. thrust, were throttled back to deliver 8,600 thrust 
lb. during the record flights. 

In the Service Meteor IV the two Derwent V units deliver a static thrust 
at sea level of 8,5001b. eaeh. The total thrust from the two at full power 
gives the maehine the impressive speed of 585 m.p.h. at sea level and 
560 m.p.h. at 80,000ft. At the former speed, with the power units giving 
7,0001b. thrust, the equivalent thrust horse-power is no less than 10,920 h.p. 
To obtain the same thrust from piston engines driving airscrews would require, 



Fig. 127. The Gloster Meteor IV single-seat fighter with two Rolls-Royce Derwent 
V radial-flow gas turbine units. In Service trim the Meteor IV attains 585 m.p.h. 
at low altitudes and climbs to 30,000ft. in five minutes. 


allowing an airscrew eflicicncy of 80 per cent., no less than 18,650 b.h.p. 
The tremendous thrust has a great effect on climb as well as on speed, as is 
obvious from the fact that a height of 30,000ft. is reached in five minutes. 
Coupled with this remarkable rate of climb is a service ceiling of 50,000ft. 
at a weight of 18,0001b. By the time some of the fuel has been consumed, 
and the weight has been reduced to 12,6001b., the service ceiling has gone up 
to 52,000ft., which is well into the stratosphere. 

By way of comparison, and to show how great is the effect of increased 
thrust, it will be of interest to quote a few figures for the older Gloster 
Meteor III. Its loaded weight was 12,200lb. and the power units gave a static 
sea-level thrust of 1,9501b. each, producing a maximum sea-level speed of 
460 m.p.h. The maximum rate of climb at sea level was 4,000ft./min., the 
time to 30,000ft. being 11.5 minutes, and the service ceiling just over 
40,000ft. The take-off run to clear a 50ft. obstacle was 1,000 yards. 

At an economical cruising speed of 850 m.p.h. at 80,000ft. and with 
275 gallons of fuel, the range of the Meteor IV is 500 miles, which corresponds 
to 0.55 gal./ml. or 1.8 miles per gallon — a very reasonable figure when allied 
to the speed. This means that the hourly fuel consumption is just over 
190 gallons for the two units. The aircraft is designed for an ultimate 
tankage of 880 gallons (giving a cruising range of 585 miles), in addition to 
a ventral drop tank of 180 gallons. Making allow^ance for the climb to 
80,000ft., the extreme range sliould be about 800 miles. 

Structurally the Meteor IV is of orthodox design and of normal stressed- 
skin construction. A prominent feature is the high setting of the tailplane ; 
this is necessary to get it clear of the jet streams, but has the disadvantage 
of splitting the rudder into an upper and a lower part. The wing is of normal 
two-spar construction and is divided into a centre-section and two outer 
portions, the latter being attached just outboard of the turbine-jet units. 

Another interesting feature is the mounting of the two power units. 
They are located between centre-section ribs, and are carried on trunnion- 
type side mountings, one of which is free to float sideways to allow for 
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expansion. At the rear, the power unit is steadied by a “ diamond ” bracing 
which also allows expansion. 

The main self-sealing fuel tank, of 380 gallons capacity, is carried in the 
fuselage behind the pilot and is divided into halves. Each compartment of 
the tank normally feeds one engine, but there is an interconnecting balance 
cock which is normally closed. Fuel is fed to the burners by electric and 
engine-driven pumps. 

The armament of four belt-fed 20 mm. cannon is grouped in the forward 
part of the fuselage with the four ammunition boxes behind the pilot. 
Provision is made for a pressure cabin. 


GLOSTEU METEOR IV 
Two Rolls-Hoyck Dekwknt V Tuubine 
Jets 


Wing span 
Length 
Wing area 
Height 


Dimensions 


43ft. 
41ft. 
374 sq, ft. 
13ft. 


Weiglits and Loadings 

Tare weight ... 9,880 1b. 

Maximum weight ... ... ., 13,900 lb. 

Mean weight.. 12,580 lb. 

Wing loading at maximum weight 37.2 Ib./sq.ft. 


I’erformanee 

Take-off over 50ft. (max. weight) . . . 
Landing over 60ft. (light weight) 
Take-off speed (maximum weight) 
Landing speed (light weight) 

Climb to 30,000ft. . 

Ser\ice ceiling (maximum weight) 
Service ceiling (mean 'weight) 
Economical cruise at 30,000ft. 
Range with 275 gal. 

Range with 330 gal. 

Range with 455 gal. 


720 yards. 
740 yards. 
115 m.p.h. 
05 m.fj.h. 

5 mins. 
50,000ft. 
52.0()0ft. 
3.50 m.p.h. 
500 miles. 
585 miles. 
820 miles. 


All ranges quoted are at an operational height of 30,()00ft., and allowance 
has been made for the fuel used in reaching that height. 


U.S.A. 



Fig. 128. The American Bell XP-83 single-seat fighter with two General Electric 1-40 
radial-flow units. This aircraft is exceptionally large for a fighter and weighs over 27,000 lb. 

Bell XP-83 

An experimental long-range lighter with two General Electric 1-40 units, 
this all-metal mid- wing monoplane has a span of 53ft., and weighs about 
twelve tons. The turbine-jet units arc mounted under the wing, snug 
against the fuselage. A tricycle undercarriage is used and the high-set 
tailplane has a dihedral angle in order to clear the jet effluxes. 
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Gonsolidated-Vultee XP-81 

This new long-raiij?e fi^iter with twin power plants is of exceptional 
interest because the tractor airscrew is driven by a ^as turbine while a separate 
^as-turbiiu‘ jel unit is installed in the rear of the fuselage. The speed should 
be greatly in excess of 500 in.p.h., in view of an announcement that the 
combination of power units can produce virtually as much power as all four 
engines of a B-29 Superfortress (8,800 h.p.) The XP- 81 is a comparatively 
large aircraft for a tighter, having a span of 55ft. 6in., a wing area of 425 sq. ft. 
and a flying weight of 1 9,500-22,0001b. For cruising over long ranges the 
machine uses the turbine-driven airscrew alone, and in the main the rear jet 
is employed only when a very high speed is required. 



Fig. 129. The Consolidated-Vultee XP-81 has, in addition to a General Electric 
TG-lOO turbine airscrew unit, an 1-40 jet unit in the rear of the fuselage. 

The pilot is seated above and slightly aft of the forward power unit — 
a (leneral Kleetrie TG-100 of the axial-flow compressor type. The rear unit 
is a General Kleetrie 1-40, similar to that used in the Lockheed Shooting Star, 
with radial-flow compressor. Apart from driving the airscrew the front 
unit gives a certain degree of jet propulsion, the turbine exhaust gases being 
ejected through a j)ipe projecting throiigli the underside of the fuselage 
approximately amidships. 

Before tiie TG-100 unit was installed, the XP-81 was tested in flight 
with a Holls-Royee Merlin engine mounted in the nose. In that form, 
therefore, it resembled the Uyan PVcI. ill (described later). The TG-100 
unit is much more powerful than the Merlin, but of lower specific weight, and 
so the weights of the two units may have been sulliciently alike to bring the 
e.g. into the correct position with either. The weight of the 1-40 unit so 
far aft has obviously made it necessary to push the front unit farther forward 
than is usual in relation to the wing, hence the long nose of the XP-81. The 
fin and rudder do not appear to be above normal size to counteract the 
forward “ fin effect ” of the long nose and the large four-bladed airscrew. 

The wing is of orthodox plan form but its aerofoil section is one of the 
new N.A.C.A. laminar-flow types, and in order to get the surface as smooth 
as poss ble, the skin is of heavy gauge so that no dimpling occurs at the 
rivets, the heads of which are milled. In this way, it is claimed, no painting 
or other treatment is necessary to fill in depressions. Thermal de-icing is 
used for the wing and tail leading-edges, and is provided by the heat from 
the TG-100 exhaust. 

Structurally the fuselage is of orthodox type, with semi-monocoque 
construction and flush-riveted skin plating. A bubble-type canopy covers 
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the pilot’s cockpit and is arranged to slide back, citlier to the extreme of its 
travel or to intermediate stops. A device will be fitted for catapulting the 
pilot from his cockpit in case of emergency. The pilot’s cabin is pressurised 
by the air from the TG-1()0 compressor, and refrigeration is also provided, 
so that conditions can be kept comfortable regardless of altitude or climate. 
An automatic pilot is installed, in view of the long ranges for which the 
machine might be used. 

The large air scoops formed on the sides of the fuselage supply the 1-40 
jet unit in the tail ; the TG-100 obtains its air through an annular scoop 
around the airscrew reduction gear. The normal supply of fuel for the two 
power units is carried in tanks just aft of the pilot’s compartment. For 
long-range operation provision has been made to carry external drop-tanks. 

Design of the XP-81 began in September, 1943. The first test flight 
with the Merlin installed in the nose was made on February 11th, 1945, and 
the first flight with the TG-100 unit on December 21st, 1945. 

Lockheed P-80A (Shooting Star) 

Apart from the Bell Acrocomet trainer the P80 is the first jet-propelled 
lighter to be adopted by the U.S. Army Air Forces. The Shooting Star is a 
single-jet monoplane of very clean aerodynamic form. Although it has a 
much higher performance than the twin-engine Lightning and mounts 
approximately the same armament, the production manhours are about 
half those of the Lightning, due largely to the simplicity of the single-jet 
installation. The Shooting Star was originally designed for a British 



Fig. 130. "Nostril " intakes are a feature of the Lockheed P-80A Shooting Star 
fighter, now a standard type in service with the U.S. Army Air Forces. The power 
unit is a General Electric 1-40. 
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de Havilland H.I. turbine jet unit supplied in July, 1943. The prototype 
was designed, built and flown in just over twenty weeks. 

The General Electric 1-40 radial-flow turbine jet unit is now installed 
in the central portion of the fuselage, with “ nostril ” intakes on each side, 
projecting forward of the leading-edges of the wing. The subtle shaping of 
the intake ducts indicates that the form and location of these items must 
have been very critical. The rear section of the fuselage, which includes 
the jet nozzle, is readily removable and j^he complete power plant can be 
changed in twenty minutes. Self-sealing fuel tanks are installed in the 
wing and a jettisonablc tank can be carried on each wing tip. This unusual 



Fig. 131. The cockpit of the Lockheed P-80A Shooting Star. Canopy pressure is 
automatically reduced when the gun firing switch is operated, to prevent injury 
the pilot from decompression should the cockpit be pierced by enemy fire. 

location is accounted for by tlie necessity for not interrupting the air flow' 
o\er the wing. It also gnes additional ground clearance. 

It has a piessuiised cabin lor pilots wearing G-suits and a particularly 
interesting feature is the jirosisioii for automatically reducing the cockpit 
pressure when the gun-tiring switch is operated. This is intended to prevent 
in jury to the pilot Irom sudden decompression should the bubble type canopy 
be pierced by enemy fire. 

Six ()..'5in. machine guns arc installed in the nose, but can be replaced by 
photographic ciiuipmcnt for reconnaissance duties. The low' cantilc\er wing 
IS of laminar-flow section with knifelike leading-edge and the ailerons are 
fitted with liydraulic boosters to improve control. Manocu> rability is assisted 
by electrically operated flaps. 

The span of the Shooting Star is 38ft. lOin., length 34ft. 6in., height 
lilt. 4in., and wing area 337 sq. ft. Kinjity and maximum weights are 
8,000 and 14,000 lb. rcspcctiscly and the claimed top speed is over 550 m.p.h. 
The ceiling is over 40,000ft. 
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McD onnell-FD . 1-Phantom 

The first “ straight ” jet-propelled fighter to be acquired by tlie U.S. Navy 
this design uses two Westinghouse axial-flow units mounted in the deep wing 
roots. The span is 40ft, (lOft. folded) and the gross weight under 10,000 lb. 
A speed of “ over 500 ” m.p.h. is claimed and the range exceeds 1,000 miles. 

Republic XP-84 

Although data on this design are restricted, general features arc apparent 
in the accompanying photographs. The general resemblance to the pioneer 
Gloster E. 28/39 is immediately evident, although the design is more refined 
to permit a higher performance to be obtained from the single axial -flow 



Fig. 132. A modern single-jet fighter of exceptional aerodynamic cleanness, the 
Republic XP-84 has a General Electric turbine-jet with axial-flow compressor. 

General Electric turbine-jet unit. Aerodynamically the XP-84 is perhaps 
the cleanest aircraft ever built. The AMng ajjpears to be exceptionally thin, 
even according to modern standards. 

Ryan FR-I Fireball 

In this new American deck-landing fighter there is a con\entional radial 
engine (1,350 h.p. Wright C’yelone) in the nose driving a tractor airscrew and 
a turbine-jet unit (General Electric I 1(>) in the rear of the fuselage. But 
for the jet discharge nozzle in the tail of the fuselage it is impossible to 
distinguish the Fireball as a jet-propelled type ; the intakes for the jet unit 
are in the leading-edge and might easily be misjudged as oil radiators. 
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Fig. 133. For maximum speed the Ryan FR-I deck-landing fighter has a General 
Electric 1-16 turbine jet unit in addition to the Wright Cyclone radial piston engine. 

The V,S, Navy and the Ryan Company combined to produce in the FR-1, 
a carrier-based fif?hter with first-class performance and combat characteristics 
together with economical cruising for duration and range. Stability and good 
vision for landing and simple handling on the deck were further requirements. 
The Fireball can fly and land on either engine singly and, of course, gives 
its bC'vt jierformanee using both in unison. 

For cruising at all normal altitudes, the nine-cylinder air-cooled Cyclone 
engine is used alone. This particular type of engine was chosen for economy 
aiul reliability, and its compactness and close cowling, together with the 
distribution of engine weights, allows the pilot to be placed forward of the 
leading-edge. In this way better forwwd visibility is obtained than if the 
entire power output w^as taken in the more normal American manner from a 
single large radial engine. 

Flying on the front engine alone, the maximum speed of the Fireball is 
about 820 m.p.h. and at a speed of 207 m.p.h. the greatest range is 1,500 miles. 
The maximum speed using the jet unit alone is about 300 m.p.h., depending 
on altitude and speed at wiiich the jet takes over. With both power units the 
top speed should be about 425 m.p.h. 

Two fuel tanks of 125 and 51 gallons capacity, are carried in the fuselage, 
and an external, jettisonable tank holding 100 gallons can be mounted under 
the starboard wing. These three tanks feed either or both units. The very 
low' percentage of the total power required for cruising gives the Fireball 
its unusually long range. The use of a common high-octane fuel for the turbine 
as well as the piston engine is a noteworthy departure which simplifies 
replenishments in service use. 


GERMANY 
Arado AR 234B 

During the last phase of the war the Germans operated considerable 
numbers of this type of twin-engine bomber and reconnaissance aircraft. 
Potentially it could carry one 2,200 lb. bomb under the fuselage and one 
1,100 lb. bomb under each gas-turbine nacelle ; in service only the fuselage 
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bomb was carried. To illustrate how undesirable it is to hang external loads 
on a high-speed jet aircraft it may be mentioned that the full external bomb 
load reduced the maximum speed by 60 m.p.h. 

The Ar. 284B is a shoulder-wing cantilever monoplane with a tricycle 
undercarriage retracting into the fuselage. Two Junkers Jumo 004 axial- 
flow gas turbine units are mounted in underslung nacelles on the wing. The 
fuel tanks, with a eapaeity of 836 gallons, are in the fuselage and drop-tanks 
ean be carried as alternatives to the outboard bombs. Rockets for assisting 
take-off can be attaelied under the wings outboard of the nacelles. 


Span 
Length 
Height 
Wing area 


ARADO AR 234B 

Two Junkers Jumo 004 Turbine-Jet Units 


Dimensions 

.. 47ft. 4iii. 

Weights 

Normal flying weight 

18,500 lb. 


... 41ft. 7in. 

Maximum permissible w'cight (with- 
out A.T.O.) 

19,500 lb. 


... ]31t. 8pn. 

Maximum permissible weight (with 


... 298 .sq.ft. 

A.T.O.) 

22,000 lb. 


Performance 

Maximum speed 470 m.p.h. at 10,700ft. 

Service ceiling ... . . 37,700ft. 

Take-off run (unassisted with 

3,300 lb. in bombs) ],{)50 yd. 

'I'ake-off (assisted with 3,300 lb. in 

bombs) . 940 yd. 


Arado AR 234C 

This is a development of the Ar ‘234R fitted with four BMW 003 turbine-, 
jet units paired under the wing. A maximum sjx'cd of 546 m.p.h. is reached 



Fig. 134. The Arado Ar 234C was a promising four jet-bomber under develop- 
ment in Germany. The power units are BMW 003. 

at 20,000ft. The rate of climb at sea level is 3,600 ft./min. and the service 
ceiling is 37,700 ft. At full thrust, without drop tanks, the endurance is 
40 minutes, but using 60 per cent, thrust endurance is increased to 1 hour 
25 minutes. 


Heinkel HE 162 

The so-called Volksjaeger (“ People’s Fighter ”) was designed for quick 
production and utilising as little as possible of structural materials in short 
supply. The design is ch iefly interesting in that the turbine- jet unit is mounted 
above the fuselage. 
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The wooden wing is built in one piece and is attached to the fuselage by 
four bolts. Semi-monocoque construction is used for the fuselage, which is 
of flush-riveted duralumin except for the plywood nose. The cone which 
carries the tail unit may be moved in flight to adjust tailplane incidence. 
The tailplane has a marked dihedral angle and the twin fins and rudders are 
mounted at right-angles to it. The narrow-track tricycle undercarriage 
retracts into the fuselage. 



Fig. 135. A single BMW 003 unit is mounted above the fuselage of the Heinkei 
He 162 Volksjaeger fighter, operated In smaller numbers by Germans towards the 
end of the war. The pilot has a catapult seat. 


The single BMW 003 gas turbine unit is mounted centrally on top of the 
fuselage on three attachment fittings and is fed from fuel tanks in the fuselage 
and wings. 

The armament is two 20 mm. or two 30 mm. guns mounted low in the 
sides of the fuselage. 

HEINKEL HE 162 
One BMW 003 Tuhijink-Jet 


Diiiu'iibiuns 

Spun 

Length 
Wing area 


23ft. 7}in. 
29ft. 8pn. 
120 sq. ft. 


Weights 

Nornuil alLup weight ... . . 5,480 lb. 

All-up weight with maximum fuel . 5,940 lb. 


Performance 



SI:A LEVEl, 

19,700FT. 

30,OOOFT. 

38,t00FT. 

Maximum speed (m.p.h.) . . 

Hate of climb at mean wt. 

Time for climb at mean weight . 
Full throttle range, normal fuel . 
Full throttle range, maximum fuel 
Full throttle endurance normal fuel 
Full throttle endurance, max. fuel 
Ceiling at mean weight 

Take-off run, normal fuel 

Take-off run, maximum fuel 
Lauding speed 

490 

4,200 ft./min. 

136 miles ... 
242 miles ... 
20 min. 

30 min. 
39,400ft. .. 

710 yards; m 
875 yards ; w 
102 m.p.h. 

.522 .. 

2,460 ft./min. 
6.6 imii. 

267 miles ... 

33 min. 

rith A.T.O. unil 
ith A.T.O. units 

485 ... 

690 ft./min. 

20 min. 
ilO miles 

620 miles 

67 min. 

85 min. 

ts — 350 yards 
j — 415 yards 

434. miles 


Messerschmitt ME 262A 

The Me 262A-1 is a fighter with four 30 mm. guns and the A-2 a bomber 
with two guns. Many variants were developed, including two-seater night 
fighters. 

The Me 262A is of all-metal construction with a swept-back single-spar 
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Fig. 136. The first military aircraft with gas turbine units to be put into operation 
was the Messerschmitt Me 262 powered with Junker 004 gas turbine units. The 
top speed of the fighter version was 525 m.p.h. at 23,000ft. 


cantilever wing having automatic slots along the entire leading-edge. The 
fuselage is composed of four main sections and carries four fuel tanks, two 
of 198 gal. capacity, one of 88 gal. and one of 182 gal. The undercarriage is 
of tricycle design and the pilot’s cockpit is in tlie centre of the fuselage. 
Armament is grouped in the nose and bombs or drop-tanks are carried 
externally beneath the fuselage. 

The twin Jumo 004B axial-flow gas-turbine units are mounted in nacelles 
slung beneath the wing. 


Span 
Length 
Height 
Wing area 


Dimensions 


MESSERSCHMITT ME 2C2A 
Two Jumo 004 Tuhbinl-Jet Units 


41ft. 
34.9ft. 
12.7ft. 
.. 234 sq.ft. 


Weiglits 

Flying weight (522 gal. of fuel and 
full lighter load) 

Flying weight (r>28 gal. of fuel, 
two guns aud 2,200 lb. of bombs) 


15,500 lb. 
15,1.00 lb. 


Performance 

Maximum speed 525 m.p.h. at 23,000ft. Take-off run (unassisted) 1,090 yd. 

Service ceiling (11,450 lb.) 39,t00ft. Take-off run (2 A.'i'.O. rockets each 

Climb to 26,300ft 11 min. of 1,100 lb. thrust) 055 yd. 



Fig. 137. The prototype of the Junkers Ju 287 jet-propelled bomber which 
had a swept-forward wing. The aircraft shown has four Jumo 004, but various 
power unit combinations were later to be tried. 
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Junkers Ju 287 


Two prototypes of this unusually interestinjy jct-])ropclled bomber were 
built durin^T the war. The design is notable for its swept-forward wing, 
adopted primarily in order that the bomb bay should not be obstructed by 


the spar. 

Although it was ultimately intended to fit either six BMW 003, four 
Heinkel Ilirtli 001 or two BMW 018 jet units, the first aircraft had four 
Jumo 004s, mounted two beneath the wing and two attached to the sides of 
tiie fuselage. The operational crew was to comprise a pilot, bomb aimer- 
navigator, and wircless-operator-gunner. 

JUNKP:RS Ju 287 
Six HMW (K)3 Turbine-Jet Units 
Dimensions Weights 

Length ... !!! .!! 60ft. Normal all-up weight 47,6001b. 

Wing area ... ... ... ... 628 sq. ft. Maximum bomb load ... ... 9,000 1b 

Performance 


Maximum speed at 16,400fl. ... .537 m.p.h. 

Maximum speed at sea level . . . 509 m.p.h. 

Range with 6,600 lb. of bombs ... 1,175 miles. 


British Civil Types 

It will have been remarked that the foregoing notes refer exclusively to 
military machines. Lately, however, several turbine-powered commercial 
machines have been announced, both in Great Britain and the U.S.A., the 
largest being the Bristol Brabazon I, or Type 167, with a span of 230ft. 

For initial flight trials the Brabazon I will be fitted with eight Bristol 
Centaurus radial piston engines of about 2,.500 h.p. each, arranged in pairs, 
each pair driving 6-blade contra-rotating propellers. In the second pro- 
totype, Bristol Proteus gas turbines will be substituted but the coupled 
arrangement will be retained. The Brabazon 1 with Centaurus engines will 
weigh about 250,000 lb and attain a maximum speed of over 300 m.p.h. at 
25,000ft. For Atlantic service, 72 passengers will be accommodated. 



Fig. 138. A model of the tail-first Miles mail-carrier developed from the Libellula. 
The version shown has three turbine jets. 
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A second British airliner, intended for two or four f^as turbines, but 
which, in tJie first place, will have two Bristol C(*ntaurus piston engines is the 
Airspeed AS-57 or Ambassador (Brabazon lla). With Centaurus engines, 
this high- wing monoj)lane will cruise at speeds up to 285 rn.p.h. The span 
is llSft. and all-up weight 45,000 lb. According to range, 24 to 40 passengers 
will be carried. Still another project announced is the Armstrong- Whitworth 
all wing liner with six turbine- jet units, referred to in Chapter XV. 

Bristol Theseus turbines are to be installed in tlie Hermes III, the Handley 
Page airliner with accommodation for sixty-four passengers. Wing span is 113 
ft. and fuselage length 95ft. 6in. The de Havilland Dove feeder service airliner 
is to be fitted with small turbine-jet units. Saunders-Roe also announee a 
large flying boat having six gas turbines driving contra-rotating airscrews. 

The (‘xeeptional promise of the turbine-jet as a power plant for high 
speed mail-carriers has already been noted. Foreshadowing development on 
these lines Miles Aircraft has announced a design, already submitted to the 
Postmaster General, for a jet-propelled mail-carrier developed from the Libel- 
lula, an unorthodox tail-first or canard tyj)e, powered either by three Power 
.Jets W.2/700S or two Rolls-Royce Derwent Vs. The estimated maximum 
cruising speed is 500 rn.p.h. for a range of 2,000 miles and the payload, 
4,000 lb. A photograj)h of a model appears as Fig. 1.38. 

American transports eventually to be powered with gas turbines include 
the Republic Rainbow (this achieves a maximum speed of 450 rn.p.h., with 
four 3,250 h.p. piston engines), the Douglas D.C.8 and a development of the 
Martin 202. 



Fig. 139. The Douglas XB-43 bomber has “nostril ” intakes to twin jet units. 
The undercarriage retracts into the fuselage ; a feature that is likely to become 
more common on high-speed jet propelled aircraft due to the relatively thin wing. 




CHAPTER XII 


JETS VERSUS AIRSCREWS. 

DUCTED FANS CONTRA-ROTATING AND CO-AXIAL 

AIRSCREWS. 


T iiK extraordinary interest aroused by jet propulsion has tended to convey 
the impression tliat in its application to aircraft the gas turbine is 
associated solely with proi)ulsion by direct reaction. Although this aspect 
of its employment is patently of major importance, it is the view of the writer 
that the cardinal achievement is the development of a small, light, con- 
tinuously oj)erating y)rimc mover alternative to the piston engine. Propulsion 
may be either by jet reaction or airscrew drive. 

With inherent characteristics the four-cycle reciprocating engine can 
never attain the smoothness of oj)eration of a perfectly balanced rotating 
mechanism, as is possible with a turbine generating continuous power ; 
neither would it seem possible for the reciprocating engine to be operated at 
speeds even a})proaehing those practicable in a turbine. The lubrication 
of so many surfaces in rubbing contact and exposed to combustion gases 
may be mentioned as a further disadvantage, though it is not suggested 
that the turbine is without its peculiar lubrication problems, particularly 
that of feeding oil to shafts rotating at extremely high speeds and under 
high -temperature conditions. 

To produce a high-veloeity jet of gas to i)ropel an aircraft the essential 
components of the turbine-jet power plant are an air compressor, a combus- 
tion system and a turbine. The same components may be proportioned 
and arranged to deliver mechanical energy to an airscrew shaft for either 
tractor or |)iisher installations while utilising the exhaust from the turbine 
as an auxiliary propulsive jet. 


Comment will later be made on 
the ])otenlialities of ducted fans 
which, although not identical 
with y)Toi)ellers, are essentially 
similar in purpose and eon- 
struelion. 

In the turbine-jet power 
jdant the turbine itself is a sub- 
sidiary component, the sole 
function of which is to drive the 
largest possible compressor to 
deliver a mass of air at high 
velocity. If mechanical power 
is rcfiuired, however, the role of 
the comy)onents is reversed, i.e. 
the compressor becomes in effect 
an auxiliary component, merely 
supplying a sulTieient quantity of 
air for combustion of the fuel to 
produce gas to drive the largest 
possible turbine. 

It must be remembered that 
the useful power delivered by a 



Fig. 140. A graph demonstrating the propul- 
sive efficiencies of conventional airscrew and 
simple jet unit at various aircraft speeds. 
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Fig 141 A suggested design, advanced by the author in 
1942, in which the turbine drives an axial flow 
compressor and contra-rotating airscrews of small 
diameter The efflux of the turbine is utilised as 
a jet to provide additional propulsive effort 
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turbine- compressor unit is much less than the power developed internally. As 
much as 75 per cent, of the power of the turbine may be absorbed in driving 
the air-compressor. Thus to deliver 60 lb. of air a second the compressor 
of the D. H. Goblin requires nearly 6,000 h.p. 

Design Considerations 

The functions of a turbine-compressor unit can be varied within certain 
limits and are determined by the duty and conditions of operation for which 
it is intended. Governing factors in the case of aircraft include the duty 
(military or civil), range, speed, payload and operating height ; for the 
ultimate criterion is not the specific efficiency of the power plant but the 
overall ellieiency of the complete aircraft. 

The influence of the gas turbine on aircraft design is separately treated, 
but it may be stressed here that due to its relatively small dimensions, smooth 
contour devoid of excrescences 
and light weight resulting from 
its liigh operating speed, the 
turbine may be conveniently 
submerged in the wing or fuselage 
of an aircraft with an extremely 
beneficial effect on aerodynamic 
design. Aircraft can be smaller, 
lighter and of much cleaner out- 
line. This improvement will apply 
in a different degree whether jet 
propulsion or airscrew propulsion 
is employed, but the advantage 
is more marked in the ease of jiure 
jet propulsion. This factor is of 
such imf)ortanee that, despite the 
lower thermal eflieieney of the 
gas turbine as compared to an 
orthodox reciprocating engine, 
it is possible for a jet-propelled 
aircraft to liavc a greatly superior 
performance. 

At low aircraft speeds and 
altitudes a jet unit has relatively 
low thermal and proj)ulsive 
efficiencies. It follows that as 
regards take-off and initial rate of 
climb a jet-propelled aircraft is 
inferior in performance to a com- 
parable aircraft employing air- 
screw propulsion. To overcome 
this handicap at take-off, thrust "augmenters have been proposed. These 
take the form of ducted fans or small diameter airscrews to increase the mass 
of air projected rearwardly. 

Once a jet propelled aircraft is airborne it can climb at high speed ; 
but note that there is a difference between speed of climb, rate of climb and 
angle of climb. The efficiency of the turbine })lant rises rapidly as the air 
low tlirough the compressor and turbine is accelerated commensurate with 
the forward speed of the aircraft. It has already been stressed that 

temperature air entering the compressor at altitude has a beneficial 
ertect. Moreover, just as the thrust horse power rises with speed, the con- 



Fig. 142. Comparison of pure jet and airscrew- 
jet units. The gas horse power of both 
units under static conditions is 1,000. 
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sumption of fuel tends to fall, because the necessary mass of air for efficient 
combustion is now passing through. 

Since the rate of fuel consumption of a turbine-jet is particularly high at 
full throttle and low altitudes, there must be a severe limitation on the range 
of an aircraft unless load is reduced. These facts suggest that in the im- 
mediate future pure jet propulsion will be confined to ultra-high speed, short- 
range aircraft or special high-speed transport types operating at great altitudes. 
One may deduce from such considerations that the gas turbine power plant 
challenges — for the present, at least — ^the reciprocating engine rather than 
the airscrew. 

The combination of airscrew and gas turbine suggests very interesting 

possibilities but until aircraft 
operators can definitely 
specify their requirements in 
respect of speed, altitude, 
carrying capacity, degree of 
comfort, range, etc., it is not 
possible to plan an optimum 
solution. In other words gas 
turbines will need to be more 
specialised as there are so 
many possible variations in 
design and application. 

Speed and Altitude 

Here it is appropriate to 
quote from a 1943 observa- 
tion in a j)rcvious edition of 
this work : “ If large passen- 
ger transports with pressurised 
cabins flying at 500 m.p.h. at 
very great altitudes are the 
aim, then jet propulsion will 
almost certainly be employed. 
On the other hand, if opinion 
is confirmed that transports 
of the future will cruise at 
about 250 m.p.h. at the lower 
altitudes, then turbine-driven 
airscrew s may w elJ be chosen for propulsion. It must, of course, be presmned 
that the rate of fuel consumption can be improved as development work 
proceeds, and that metallurgists can assist by the production of better heat- 
resisting steels for the turbine blades.” Amendment of the foregoing 
paragraph is hardly warranted to-day though it may be added that transport 
aircraft with turbine-driven airscrews should be flying in a year or two. 

An incidental advantage of the airscrew is its adaptability for use as a 
brake, not only for landing, but for dive-bombing, manoeuvring a flying boat 
on the water, and cheeking float ” on a deck-landing aircraft. 

Selection between the plain jet and turbine-airscrew will demand careful 
deliberation by aircraft designers. This is particularly true in the case of 
flying boats for which the plain jet offers elimination of potential troubles 
arising from spray striking the airscrews on take-off and landing but gives 
relatively poor take-off characteristics, whereas the turbine-airscrew offsets 
its drawbacks by facilitating braking, manoeuvring and take-off. 

It has been said that the overall noise level in an aircraft with turbine- 



Fig. 143. Performance of jet unit (4,500 lb. 
static thrust) expressed in equivalent piston 
engine form. — (Dr. Hooker.) 
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jet units is 30 decibels below that in a maehine with equivalent piston 
engines and airscrews. 

An objection to the use of airscrews with turbines is that a rather com- 
plicated and weighty reduction gear becomes necessary due to the high 
rotational speed of the turbine — over 10,000 r.p.rn. for example. It is 
earnestly to be hoped that purely mechanical considerations of this sort will 
not delay unduly the clearing of the new gas-turbine/airscrew combinations 
for commercial operation. 

Contra- or counter-rotating airscrews, tractors or pushers, with as many as 
five blades to each unit, should to some extent lessen the designer’s burden 
by providing ade(|uate blade area with a reduced diameter and permitting 
operation at higher rotational speeds without exceeding the permissible 
linear speed of the blade tips. They possess the further advantages of 
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Fig. 144. Curves illustrating airscrew diameter for a design condition of 
^0 m.p.h. at 40,000ft. 

permitting a shorter and lighter undercarriage, and of smoothing out the 
slipstream and consequently improving the air How over the control surfaces. 
If pusher type airscrews become the vogue, interference with air flow by the 
effects of the slipstream will be eliminated. 

Airscrews for gas turbines will duplicate in essential design those for 
equivalent piston engines, but reduced vibration will permit the weight of 
the duralumin airscrew to be decreased by using thinner blades and smaller 
root sections than hitherto. 

The weight of airscrews to absorb very high powers will continue to be 
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a very serious design consideration ; for example, a ten-blade counter-rotating 
airscrew for a piston engine delivering 4,000 h.p. at 40,000ft. at 550 m.p.h. 
will weigh 1,500 lb. with duralumin blades and 1,170 lb. with wood blades. 
For an equivalent turbine installation the duralumin-bladed airscrew will 
scale somewhat less for reasons already stated. Precise data on possible 
weight saving in the turbine-driven airscrew are still lacking. 

After several years of development we are only slowly emerging from 
the chrysalis stage with small turbine-compressor units. Although 500 h.p. 
turbine units are in the development stage, it is a fact that the larger the size 
employed the fewer the problems to be surmounted ; furthermore, as the 
diameter of the turbine is reduced, the speed of rotation must be increased. 
Multi-stage compressors and turbines, particularly if variable-pitch blading 
becomes a practical proposition, may conceivably improve the present 
unsatisfactory thermal ellicieney. 

It will now be apparent that the student of gas-turbine design should 
not confine his attention solely to the jet-propulsion system, but rather con- 
sider the turbine-compressor unit with one or other of the alternative applica- 
tions discussed. The possibility of combining the use of the two forms of 
turbines, with and without airscrews, on a single aircraft, such as a large 
flying-wing, will not be overlooked. (See Chapter XV). 

Airscrews and Thrust Augmenters 

The last edition included some comments by Mr. L. G. Fairhurst, chief 
engineer of Rotol Limited, on considerations affecting the selection of jet 
or airscrew. Mr. Fairhurst has lat(‘ly covered the ground more fully, and 
contributed the following on turbine-jet and turbine-airscrew units : 

As the turbine unit relative to the piston engine is as yet in its infancy, 
it can only be conjecture if one is to envisage the types and sizes of power 
plants which will be adopted for aircraft during the next five years. It is 
firstly advisable to classify these units into : — 

(a) Straight-jet with airscrew as thrust augmenter. 

(b) Gas turbine engine and airscrew. 

Dealing with the problems associated wdth each in turn : — 

(a) Straight jet with airscrew as thrust augmenter. 

In an aircraft deriving its sole means of propulsion from a straight jet, 
inferior efficiencies are inherent at low forward speeds, giving rise to relatively 
poor take-off and initial climb characteristics. The combination of airscrew 
and jet unit, wherein something of the order of 20 per cent, of the unit 
power is made available for the airscrew, may possibly be adopted as one 
means of reclaiming the loss in take-off and initial climb performance. It 
is estimated that by using an airscrew as a thrust-augmenter, the take-off 
and initial climb of the aircraft would be improved by 45 to 50 per cent. 
It may be clearly understood, however, that this comparison is between a 
straight jet installation where the turbine is designed without consideration 
of an airscrew, and an installation where the turbine is so designed to provide 
a certain percentage of the total power of the unit for the airscrew. 

With such an airscrew the problem of control arises, and to which of 
the operating conditions (i.e., forward speed, thrust, or engine r.p.m.) the 
airscrew is to be responsive will considerably tax the ingenuity of both 
engine and airscrew designers. In a normal constant-speed airscrew on a 
piston engine the airscrew is designed to absorb the full engine power, is 
responsive to changes in engine r.p.m. through the medium of an engine- 
driven governor, and has a pitch range adequate to handle the full range 
of power and r.p.m. of the engine. In the jet unit installation in question, 
as the airscrew would be designed merely to handle a small portion of the 
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total unit power, control of the airscrew by a governor responsive to unit 
r.p.iii. may give unsatisfactory constant-speeding characteristies on the 
take-off and initial climb. In a normal piston engine installation under 
(onditions of take-off and climb, the airscrew starts in a temporarily fixed- 
pitch condition. As the aircraft slowly gathers speed the airscrew in this 
condition absorbs less power, and if it remained in fixed pitch overspeeding 
would result. "I'lic fact that the airscrew is under governor control responsive 
to r.p.rn. prevents this condition arising by automatically coarsening the 
))itch to suit the forward speed. In the jet unit installation in question, the 
reduction in power in the airscrew as tlie aircraft gathers speed is only a 



Fig. 145. A Gloster Meteor fitted experimentally with Rolls-Royce Trent turbine- 

airscrew units. 


very small percentage of the total unit power, and it is, therefore, questionable 
whether the rotational speed of the wliole airscrew/tur bine/compressor 
system would increase suflieiently to permit the governor to apply the 
requisite correction. 

The best system may be to provide a separate turbine to drive the pro- 
peller, to which the propeller could be made responsive w ithout having any 
reference to the main turbine. This would ensure satisfactory constant - 
speeding on take-off and climb, and the neutralisation of the airscrew at 
top speed could be carried out by feathering. 

(h) Gas turbine engine with airscrew. 

The combination of gas turbine and airscrew wdll, wdth little doubt, be 
the stage immediately following the piston-engined aircraft, and will be 
used in aircraft such as multi-engined bombers and commercial airliners 
of the freight- and passenger-carrying class up to a maximum speed of 
400 m.p.h. The ])ropulsion unit will consist of the usual compressor, combus- 
tion chamber and turbine, the latter driving the airscrew through a reduction 
gear. Approximately 80 per cent, of the unit power will be allotted to the 
airscrew, the remaining 20 per cent, issuing in the exhaust gases as kinetic 
energy. 

In considering a range of turbine-airscrew units the powers of 1,000 h.p. to 
10,000 h.p. may be expected during the next five years. Operating altitudes 
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of 10,000 and 40,000 ft. have been considered, as these are the most likely 
extremes to be met covering the non-pressurised and pressurised aircraft. 

In considering the application of airscrews to such units, no difFiculty at 
all is likely to be experienced in catering for powers up to 10,000 h.p. at 
10,000 ft. Indeed, the largest diameter necessary is 18 ft. for the optimum 
case, which could be reduced to 16 ft. without seriously affecting the eHiciency. 
It is obvious, however, that a more difficult problem confronts the designer 
at 40,000 ft., especially at the lower speeds. Here optimum diameters of 
30 ft. are required which, even if reduced to say 27 ft., will still present a 
serious problem to the aircraft designer in providing suflicient space. It 
is not foreseen, however, that any insuperable difliculties will arise from the 
airscrew side in designing and building airscrews of these sizes. 

An interesting point is the very large saving in diameter which can be 
effected by increase in tlic number of blades. At .5,000 h.p. at 40,000 ft., 
for instance, a diameter saving of the order of 10 ft. can be achieved by changing 
from an eight-bladed (4+4) to a ten-bladed (5-| 5) counter-rotating airscrew. 

Ducted Fans 

Mr. Fairhurst is of the opinion that no treatise on the possible future 
development of airscrews would be complete without examining broadly the 
question of ducted fans. These systems, although not identical with 
airscrew^s as we know^ them, are sufficiently similar in purpose and con- 
struction to justify consideration under the general heading of airscrew^s. 

The ducted fan system of propulsion, as discussed by Mr. Fairhurst consists 
of a fairly large diameter ducted fan or axial compressor of relatively low 
compression ratio at the intake to the nacelle. Only a small portion of its 
delivery air is taken by the turbine, the remainder being by-passed directly 
to the jet. 

This system appears to him to have two main advantages, viz : — (a) 
A slightly higher overall cfliciency than both airscrew^ and jet systems over a 
relatively small intermediate speed range ; (b) It embraces the possibility of 
burning fuel freely in tlie air by-j)assed from the turbine and thus increasing 
fairly considerably the power available for short periods, but at an enormous 
cost in consumj)tion. 

The main disadvantage is the size of fan and of possible ducts required 
to deal with the exceptionally large volume of air required. This w'ould 
appear to complicate the design of suitable aircraft applications by virtue of 
the large bulk to be disposed, which might well increase tlic drag sufficiently 
to nullify any elliciency increase over the jet or airscrew system when 
considering the performance of the aircraft as a whole. There would appear 
to be no great problems to be overcome from the designer’s point of view, 
indeed sufficient work has been carried out on similar axial-flow fan installa- 
tions in the past for various applications to give one confidence in approaching 
these designs of the future. 

There is little doubt that a c ( iisiderable an»ount of work will have to be 
carried out in tfie future botli on design and actual practical test before the 
rehitive value of this system of proj)ulsion is definitely establislied, but it is 
Mr. Fairhurst’s feeling that the disadvantages will be found to outweigh the 
advantages and that the ducted fan as such will disappear, leaving the 
clear-cut problem of airscrew^s versus jet.* 

Airscrews with Two-speed Drive 

At speeds of 500 m.p.h. upwards the tip speed of an airscrew may be 
greater than that of sound. Such conditions in the supersonic region 

*A different conception of the ducted fan ib des>CYibed under Metropolitan 
Vickers ” on p, 99 . 
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introduce the need for a two-speed gear drive to the airscrew in order to 
reduce the tip Mach number at top speed by use of a relatively low gear 
ratio, and still have available a second ratio of a high value for take-off 
and climb. The need for the two-speed gear on heavy classes of aircraft, 
such as bombers and commercial types, is not by any means as pronounced 
as in the fighter class, since in the former ample airscrew diameter is usually 
afforded and the top speeds are such that the Mach numbers never approach 
the figures for the fighters. Certainly the two-sj)eed gear considerably 



Fig. 146. The American General Electric TG-lOO turbine-airscrew unit on a test rig. 

extends tlie use of the airscrew as a means of aircraft propulsion by permitting 
its use at liigher speeds witliout jeopardising the take-off and climb 
j)erf()rmanee. 

The maximum number of blades so far used in a single hub is five, and 
this would appear to be the limit on both aerodynamic and mechanical 
grounds. The aerodynamic limitation is mainly due to the lieavy swing 
at take-off which occurs in the 2,500 h.p. high-speed fighter. An aircraft 
operating frt)m a fleet carrier suffers more than any other type on account 
of the restricted landing platform, together with the allied difliculties due to 
roll, etc. This is accounted for by the temptation to absorb high powers 
by increasing the number of blades in a single hub which, although it reduces 
the loading per blade to within reasonable limits still does not overcome the 
high disc loading present. A further aerodynamic limitation occurs in a 
turbine-airscrew installation with an air entry duct annular to the airscrew. 
The presence of five blade roots rotating in one direction in front of the 
duct may cause a reduction in elfieieney due to the presence of swdrl and 
turbulence behind the blade roots. 

The mechanical limitation consists of the dilTiculties arising in keeping 
down to a minimum the height of the hub socket so as to keep it wholly 
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inside the spinner, and also to provide an effieient blade airfoil shape at the 
spinner periphery. This diflfieulty is partieularly pronouneed on turbine 
airscrews where the spinner diameter in front of the air duct is considerably 
smaller than the piston engine spinner, demanding an airscrew hub witli the 
absolute minimum height of blade socket. 

The aerodynamic attributes of counter-rotating airscrew^s are generally 
well known, and intensive fliglit -testing carried out over the past two to three 
years has confirmed the various claims. Also, this endurance testing has 
given ample opportunity of progressively improving the actuating mechanism 
and to-day the airscrew can be said to be meelianically sound. 

The number of blades so far used has been a maximum of six (3+3) 
but no dilhculties are foreseen, either aerodynamic or structural, in increasing 
the number to eight (4 + 4) or ten (.5 + 5). 

It has been shown by wind tunnel tests that the most ellieient counter- 
rotating combination is that in wiiieh equal torques are absorbed by both 
front and rear halves. In order to achieve this it is necessary to operate the 
rear half at a slightly finer pitch setting than the front, due to the different 
inflow to the rear half occurring from the presence of the front component. 

ITp to the present the counter-rotating airscrew has showm little or no 
improvement in performance at top speed, although a very definite improve- 
ment in performance has been evident under highly loaded conditions of 
take-off and climb. As forw^ard speeds increase, how^ever, i.e., of the order 
of 450 m.p.h. upwards, it is necessary to limit the rotational tij) speed more 
and more in order to keep the tip IVIach numb(‘r within reasonable limits and 
we can hope to see a useful advantage of the counter-rotating airscrc'w^ at 
top speed, due to itsability to reclaim the rotational energy losses associated 
with heavily-loaded airscrews. 

The entire elimination of swing with the counter-rotating airscrew 
makes it not only attractive for ease of aircraft handling but an absolute 
essential for aircraft of the deck-landing tyj)e. Mr. Fairhurst maintains that 
no specification for a deck-landing airscrew-driven aircraft should ever again 
be issued to the industry without an insistence on the use of counter-rotating 
airscrews. 

The application of the counter-rotating airscrew^ to the turbine engine 
will no doubt become universal in units employing airscrew propulsion. 
Firstly it enables a reduction in diameter to be obtained by multi-blading 
and hence assists undercarriage design and, secondly, should be a con- 
siderable improvement over the single-hub type, because the reduction in 
swirl and turbulence is considerable and improves the conditions of 
airflow around the air entry duet into the unit. 

Go-axisil Airscrews 

The term “ eo-axial ” airscrew differentiates the ty})e from the counter- 
rotating type wdierein the whole engine power is absorbed by both halves, 
and the type in wdiich each half of the airscrew is driven by an indej)endent 
power unit. The two halv^es still rotate in opposite directions. One out- 
standing reason for adopting the co-axial type is to improve the safety of 
the aircraft, since in the event of the failure of one engine unit it will still 
be possible to continue flight with the second unit, driving as it does its own 
half of the airscrew. In this case the particular luilf-airscrew^ allied to the 
“ dud ” engine will be feathered. A further advantage of this arrangement, 
associated with buried engines, is that two power units can be used, arranged 
in such a manner as to present only one airscrew unit at th(‘ leading- or 
trailing-edge of the wing. This is the general scheme being followed by 
the Bristol Aeroplane Co. for the large Brabazon II which is to have eight 
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turbines and four airscrews. Apart from the complication of the double 
reduction gear, the main problems which arise with an airscrew of this type 
consist firstly of the effect on efficiency of the operating half when it has a 
stationary feathered airscrew either in front or behind and secondly the 
sensitivity of the blade angle required for feathering one half in the presence, 
of tlie other half rotating in front or behind. 

Among the conclusions reached by Mr. Fairhurst in a paper before the 
Koyal Aeronautical Society, after an exhaustive study of factors 
airscrew development arc the following : — ^ — -mt 

(1) The limit of the efficient me of an airscrew as a means of aircraft 
propulsion will firstly occur on fighter aircraft with a 4,000 h.p. 
piston engine developing its power at 40,000 ft. at a forward speed 
of 550 m.p.h. 

(2) Beyond 550 m.p.h. ^ and considering mainly forward speed as the 

criterion, the straight jet will replace the engine -airscrew com- 
bination. 

(3) As a possible thrust augmenter for straight jet installation the 

airscrew will still remain a serious competitor to other forms of 
tl irust augmentat ion. 

(4) The gas turbine-airscrew combination will become increasingly 
favourable over the next five years for multi-engined bombers and 
multi-engined commercial aircraft. Powers up to 10,000 h.p. at 
40,000ft., with a forward speed of 400 m.p.h., can be catered for 
\\ith an airscrew. 

(5) Airscrews over the next five years wdll be extended to counter-rotating 
six- (3 + 3), eight- (4 -f 4) and ten- (5 1 5) bladed types. 



Fig. 147. Proposal for a four-seat private aircraft advanced by the author 
when visiting the U.S.A. in 1944. It has a turbine with small diameter, 
five blade, contra-rotating airscrews and residual jets. 


CHAPTER XIII. 


TURBINE- AIRSCREW PROJECTS 

T urbine-airscrew units constitute the most important piiase of recent 
gas turbine development. At take-off, during climb and in operation 
at medium' speeds and altitudes (say 300-400 m.p.h. and 20, 000-2.5, 000ft.) 
they offer advantages in performance and fuel economy in comparison with 
turbine-jet units. Even with the addition of the necessary high ratio reduc- 
tion gear, the turbine is still considerably lighter than an equivalent recipro- 
cating engine and, moreover, is less costly to produce. Until pressurization 
of cabins becomes the current practice and more is known of compressibility 
factors, therefore, the simple jet engine will suffer a handicap for commercial 
use. Except for military and special purpose aircraft, it is only at high 
altitude and high speed that the jet unit excels in consumption and range. 
In the view of many aircraft engineers, the turbine-airscrew unit will pre- 
dominate in this second phase of the development. However, this phase is 
considered to be merely temporary, and tlie long-term programme will be 
concerned with pure jet propulsion and ducted fans. 

For particulars of British turbine-airscrew units under development the 
reader is referred to Chapter VII, which includes brief nrdes on Armstrong- 
Siddeley, Bristol and Rolls-Royce tyf)es. In C'hapter VIII the American 
(l.E.C. unit TG-10() is referred to. Interest is added to the present trend 
towards turbine-driven airscrew units by earhcT projects described in patent 
specifications and outlined below. So far as is known, none emerged from 
the design stage. 

Some Earlier Proposals 

The Brown-Boveri plant shown diagrarninatically in Fig. 148 is claimed 
to be of relatively siinjile construction, low weight and high efheieney 
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Outstanding features conducing to this end are (1) the arrangement by 
wJuehJ[the gas flow between compressor and turbine undergoes no substantial 
deflection or change in velocity ; (2) the diminution of the axial velocity 
of the air in the compressor to that required for satisfactory combustion ; 
(8) the provision of small jjassages serving as mixing chambers in the annular 
space between the compressor and turbine, and (4) the increase of the axial 
velocity of the gas as’ it flows through the turbine. 

Compressor rotor A and turbine rotor B are on directly connected 
coaxial shafts, and the stator blades of both components are mj^nted in a 

tubular casing C foriifmg the main 
duct. Air enters at the annular 
inlet D aud is compressed in the 
usual manner in the forward (con- 
vergent) section of the compressor. 
Thereafter the duct diameter is 
parallel and the angle of the rotor 
blades is deereased. Only 20 to 30 
per cent, of the air delivered by 
the compressor is required for the 
combustion of fuel ; the remainder 
is employed to lower the tempera- 
ture of the combustion gases. 

This small quantity of air is 
j)asscd into a plurality of separate 
mixing chambers K in the annular 
space, as shown in the plane de- 
velopment diagram Fig 149. In 
these the air is further reduced 
in velocity and mixed with the 
fuel injected through nozzles F. Flame forms at or beyond the grid bars G, 
^^hich furnish a number of friction surfaces along which the boundary layers 
oi’ the mixture move at a lower velocity than the ignition velocity. Small 
flames arc formed locally which preheat and ignite the main mass of the 
mixture and thus maintain stable conditions. The flaming mixture is redueed 
in temperature by the excess air which flows through the j)assages between 
the mixing chambers. To protect the walls of the annular sj)ace a shell H 
of heat-resisting sheet metal may be fitted. Cooling air passes between the 
shell and the walls. 

Although this plant is primarily intended to drive an airscrew 
mechanically through reduction gear J the turbine effluent is employed to 
give a supplementary propulsive eSS’ort by jet reaction. The turbine, therefore, 
(lifters from the usual type, which is of increasing (divergent) diameter to 
reduce the gas velocity and exploit the gas expansion in order to minimise 
exhaust losses. To be effective for propulsion the gas outlet velocity should 
be about 1 .5 times the flying speed of the aircraft. Accordingly, the turbine 
is substantially of parallel diameter and the rotor blade angle is progressively 
increased towards the outlet to raise the gas velocity at the discharge nozzle. 

A Swedish Project 

Another combined airscrew^ and efflux propulsion unit, projected by the 
famous Swedish concern Aktiebolaget Ljungstroms Angturbin, is shown 
diagrammatically in Fig. 150. The air is compressed in a multi-stage centrifugal 
blower, and to reduce overall length the annular mixing chamber envelops 
the turbine. Particular importance is attached to rapidly increasing the 
propulsive effort for take-off and in emergency and special control arrange- 
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A. Compressor blading. F. 

B. Turbine blading. G. 

E. Mixing chambers. 


Fuel nozzles. 
Flame grids. 


Fig. 149. Developed section of Brown- 
Boveri annular combustion space with 
mixing chambers and flame grids. 
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ments, resembling those employed in this firm’s jet propulsion unit shown 
in Fig. 40, arc provided for this purpose. 

Housed in a streamlined easing, the four-stage centrifugal compressor A 
draws in air through inlets B and delivers to a space C surrounding the 
annular mixing chamber D. At a bulkhead E the air stream is reversed 
and enters the mixing chamber past a plurality of shrouded fuel nozzles F. 
Combustion occurs in the vicinity of the nozzle shrouds and the temperature 



A Centrifugal compressor 
B Air inlets 
C Annular air duct 
D Mixing chamber 
E. Bulkhead 


F Fuel nozzles 
G Gas turbine 
H Discharge duct 
J Discharge flap 
K Effluent by-pass flap 


Fig. 150. Ljungstroms Angturbm screw and efflux propulsion unit 
with multi-stage centrifugal compressor. 


of the combustion gases is lo>\ered by the excess air. At the for\^ar(l end of 
the mixing chamber the How is again reversed to entei the gas tin bine (k 
From the annular outlet of the turbine the ielativel> low ^eloc•lt> effluent 
flows along a convergent duct 11 which raises the \(‘locit> at the nozzle. 

Normal regulation of aircraft speed is effected b> ad)iistment of supply 
of fuel at nozzles F. For rapid acceleration, howe\er, a sudden and sub- 
stantial increase of fuel would raise the gas temperature unduly as the com- 
pressor cannot be instantaneously accelerated to deliver a corresponding 
supply of air. To facilitate this speed-up, the power input to the compressor 
is temporarily increased by reducing the power applied for propulsion of the 
aircraft, cither by the airscrew^ or tlie efflux reaction or both. Siibseipiently 
the proportionate division of energy between eomjiressor and propulsion is 
restored to normal at the higher level, and it is claimed that this operation 
is considerably quicker than the method of gradually increasing the fuel 
supply to the desired amount. 

For this purpose a flap J in the discharge duct may be raised to increase 
the area of the discharge orifice. Alternatively or additionally, a flap K 
adjacent to the turbine outlet may be lifted to by-pass a portion of the 
effluent. By either or both means the propulsive effort is lowered, the back 
pressure on the turbine is reduced giving an increased heat and pressure drop 
in the turbine, which thus produces more mechanical energy which is entirely 
absorbed by the compressor. Another method of achieving the desired 
results, either instead of or in addition to decreasing back pressure, is to 
increase the slip of the airscrew by temporarily fining the pitch. 
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A Futurist Design 

Constituting an interesting “ peep into the future ” is the multi-screw 
plant projected by I^. E. Baynes and the Alan Muntz Co. for large transport 
aircraft. The general layout of the plant in a large flying boat having a 
pressure-sealed luill for high-altitude operation is given in plan and elevation 




Fig. 151. Baynes-Muntz layout of a multi-screw turbine plant for a large, high-altitude 

flying boat. 


in Fig. 1.51. Six wing-mounted turbine units A driving airscrews are supplied 
with combustion gases from a battery of generators B located in the pressure 
hull where they can be given attention or adjustment during flight. 

The generators are arranged in two banks, one on each side of the centre 
line of the hull, and deliver gas to a common manifold C from which a vertical 
duet D carries it to the wing level. Here it passes to lateral ducts E serving 
port and starboard turbines, the distribution being controlled by butterfly 
valves F which enable speeds to be adjusted and permit directional control 
when taxying on the water. 

Details of the generators are not specified, but they may be of the Pescara 
type, in which the driving gases consist of the combustion products from the 
engine cylinders of free-piston compressors. The generators may be cooled 
by liquid circulated along the wing leading-edge to prevent icing. 
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The arrangement of the turbine units driving the airscrews is illustrated 
in Fig. 152. From duct E driving gases enter the annular space G and pass 
forward to the inlet of the turbine H, which drives the airscrew through a 




E. Lateral gas duct. 

G. Annular gas chamber. 

H. Turbine. 

J. Reduction gearing. 

K. Auxiliary turbine driving blowers. 


L. First stage blower. 

M. Second stage blower. 

N. Lateral air duct. 

P. Turbine effluent passage. 


Fig, 152. The wing-mounted turbine unit for the Ba/nes-Muntz project. 


reduction gear J. The exhaust from the turbine H is conducted to an auxiliary 
turbine K driving primary and secondary stage turbo-blowers L and M. 
These units draw air from the nose of the casing immediately behind 
the airscrew, and after compression deliver it to lateral air ducts N in 
the wing. 

Auxiliary turbine K exhausts directly to the slipstream by way of 
passages P. From duets N the air is fed to pairs of manifolds Q (Fig. 151) 
supplying port and starboard l)anks of gas generators. 

At tlie rear of the banks of gas generators is an auxiliary turbine R 
driving an electric generator for the ancillary services of the aircraft. One of 
these is an electric motor-driven air compressor S for charging a high-j)ressure 
storage bottle T from which manifolds Q arc filled when tlie gas generators 
arc to be started up. Forward of the gas generators another auxiliary turbine 
U drives a blower whicli maintains the requisite air pressure inside the hull 
when the aircraft is flying at high altitudes. 

A more recent scheme is of German origin (A.K.G.), and is illustrated 
diagrammatically in Fig. 153. Air enters the compressor A at the front of 
the fuselage (the airscrews are pushers) and is delivered by way of a heat 
exchanger B to the main combustion chamber C, thence to the high-pressure 
turbine D which drives the airscrew through the reduction gear 11. The 
gases arc then passed via a re-heat combustion chamber E to the low-pressure 
turbine F (this drives the compressor) through the heat-exchanger B to the 
residual jet pipe G. 

The estimated fuel consumption was 0.3 Ib./b.h.p./hr. and the weight 
3.5 Ib./h.p. at 33,000ft. A special heat-exchanger utilising porous ceramic 
material was to be employed. 

Jets for Helicopters 

An unusual application of a turbine- jet unit for a helicopter is proposed 
by G. & J. Weir, Ltd., of Glasgow, and C. G. Pullin. Instead of the jet 
being discharged rearwards, it is conducted to the hub of the lifting and 
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sustaining rotor, and passes along the hollow blades to reaction nozzles at the 
blade tips. Thus the gas stream reacts to drive the rotor and does not directly 
propel the aircraft. 

Proposals have previously been made for discharging engine exhaust 
gas from the tips of airscrew blades to supplement the normal mechanical 
drive, to drive an air compressor by an engine and employ a mixture of air 
and exhaust gas to rotate the airscrew and to drive a helicopter rotor by air 
from an engine-driven compressor. In the last project engine exhaust is 
utilised to warm the air to maintain the blades at a temperature sufficient to 
prevent icing. Such schemes may be regarded as modern versions of Hero’s 
aeolipile. Barker’s water mill of the seventeenth century, the Avery rotary 
engine of the early nineteenth century, and the pure reaction turbine which 
enjoyed a limited vogue before de Laval and Parsons each developed their 
turbines. 



Fig. 154. The Weir helicopter with rotor driven by jet reaction at the blade tips. 
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In the Weir helicopter, Pig. 154, the turbine-compressor unit is mounted 
in the forepart of the fuselage with the bell-mouthed air intake located in the 
nose. From the rear of the imit a trunk conveys the air/gas stream to the 
hollow hub of the rotor where it is distributed to the hollow blades for 
discharge from reaction nozzles at the blade tips. 

Several suggested arrangements of the reaction nozzles at the tips of the 
lifting rotor blades are shown in Fig. 155. The first A, has an elbow duct with 
a convergent-divergent nozzle terminating in an elongated orifice to conform 
to the blade profile. On the leading edge, opposite the nozzle, is a weight 
for the mass balancing of the blade. The weight is located well forward in 
order to advance the centre of mass to prevent blade flutter. 

In an alternative construction B, the balancing weight is embodied in 



Fig. 155. Three types of blade tip reaction nozzles. 

the leading edge, and the nozzle is of the ejector type comprising a chamber 
with an air inlet at the front edge and a venturi nozzle at the rear. Into the 
throat of this nozzle the working fluid is discharged by an ejector nozzle, 
and thus the mass flow is augmented by entrained air. 

For the third proposal, C, the nozzle constitutes a continuation of the 
hollow blade spar forming the working fluid duct and discharges through a 
slot-like orifice over the upper or low pressure surface of the blade at about 
the region of maximum thickness. The thrust is applied close to tlie mass 
axis of the blade, and the jet is ^discharged where the external air stream has 
its max’mum local velocity and tendency to separate from the blade profile. 


CHAPTER XIV. 


AERODYNAMIC PROBLEMS : BOUNDARY LAYER 
CONTROL : COMPRESSIBILITY EFFECTS 

T he very simple principle of the turbinf makes it a most desirable power 
unit for many forms of propulsion. In addition to this inherent quality 
it has already been emphasised tliat there is immense contributory benefit to 
be derived from the employment of a type of power unit for aircraft which 
is of relatively small dinumsions, and permits a design of excellent aero- 
dynamic form, devoid of excrescences which create parasitic drag and air 
flow turbulence. The turbine-compressor is such a imit ; it is compact, 
self-contained and of convenient cylindrical shape. 

In the consideration of an aircraft equipped with a turbine, the 
necessity for providing an air intake for the com])ressor can be turned to ad- 
vantage by arranging the intake inlet to exert an influence on the boundary 
layer air flow. The following obser\ ations, amplifying earlier notes on the 
subject, are the result of collaboration with C. B. Bailey-Watson of Flight, 


MAIN MASS AIR STREAM 



Fig. 156. Diagrammatic illustration of boundary layer formation and relation to 
major air stream, showing abstraction into the turbo-compressor of air from 
the boundary region in order to delay the separation point. 



Fig. 157. This shows the efflux from the turbo-compressor being ejected tangentially 
to the aircraft skin curvature In order to accelerate the boundary layer air and so 

prevent separation. 
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The boundary layer is that region adjacent to the skin of the aircraft 
where particles of air arc in a transitional stage of acceleration up to the 
speed of the air flow past the aircraft. This is illustrated diagranimatically 
in Figs. 156 and 157. The layer of air immediately next to the skin tends to 
adhere to it, the layer above that is less able to resist the general air flow, 
and so on successively until the outer layer of the boundary region is moving 
at the same speed as that portion of the main air mass flowing past the aircraft. 
It must be pointed out, however, that the phenomenon is by no means quite 
so simple of explanation as this ; there are numerous factors which influence 
boundary layer characteristics, and the composition of the layer itself is 
also subject to variation. The description above is, at best, very general, 
and anything further than this is both beyond the scope of, and out of place 
in, a book of this nature. Readers who desire to investigate this aspect 
of aerodynamics for themselves are referred to Warner — Airplane Design 
{Performance ) ; and Dodge and Thompson — Fluid Mechanics (from which 
Figs. 158, 159 and 160 are taken). 

The resistance to motion through the air for any aircraft can be con- 
sidered as being made up to two quantities, (a) the effect of viscous shearing 
stresses m the air, the resultant being known as skin-friction, and (b) the 



Fig. 158 . Boundary layer flow near the separation point on a circular cylinder. 
Direction of air flow, left to right. 


drag caused by the formation of a turbulent wake. The shape of the aircraft 
— ^fuselage, wihgs, tail unit, etc. — determines the character of pressure 
distribution over its entire surface, and with finely streamlined shapes the 
changes of pressure are very gradual, so that separation of flow into turbulence 
is close to the rear end of the body, and the resulting wake is narrow. The 
resistance due to (b), in such cases, is only a very small part of the total 
drag, the remainder being due to (a) as the boundary layer covers almost 
the entire surface. 

It might also be pointed out that in every instance where fluid (and air 
is considered physically as a fluid) is in motion relative to a surface, then a 
boundary layer is present against the surfaee. Thus it may be appreciated 
that the high-velocity flow of great volumes of air through a compressor 
and turbine also involves very careful consideration of boundary layer 
characteristics within the unit — to the blades, throats, nozzles and, in fact, 
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all internal surfaces subject to relative fluid flow. However, the complication 
incurred in evolving a control system for boundary layer within the turbine 
is of such magnitude that it is very unlikely anything can be done in this 
direction — the only means of affecting boundary layer in these circumstances 



Fig. 159. Flow of air around a flapped airfoil at a large angle of attack. 

is by meticulous design of the components in order to delay the stagnation 
point as long as possible. 

Effect on Mass Flow 

Disregarding the physical properties of the air, the depth and growth 
of the boundary layer is influenced in relation to the curvature of the shape, 
this curvature bemg mathematically constructed according to the fineness 
ratio, i.e., the ratio of length to maximum cross-sectional diameter. How- 
ever, the break down into turbulence near the separation point in a boundary 
layer, as shown in Fig. 158, profoundly affects the character of the major 



Fig. 160. The same airfoil as in Fig. 159 but with boundary layer control by 
suction applied, showing the suppression of breakdown into turbulence. 


air stream flow, and does, in fact, induce a break down from laminar flow 
into general turbulence in the wake, so that the two quantities (a) and (b) 
which compose total drag are inter-related. 

Boundary layer control, with a view to reducing drag and thereby 
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improving overall performance, has been the subject of a great deal of research 
and experiment for over 40 years, ever since Prandtl introduced, in 1904, 
what has become known as his boundary layer theory. As a side issue to 
this it is of interest to record that the first explanatory theory covering the 
field of skin-friction was propounded by the late Hr. F. W. Lanchester in 
the Aerodynamics section of Aerial Flight, As speeds tend to rise, the 
application of boundary layer control assumes paramount importance 
in view of the tremendous part it can play in ensuring a smooth air flow over 
control surfaces — this being aside from the very great aerodynamic advantage 
to be accrued from a major reduction in drag and an increase in lift coefficients 
by its employment. However, it was not until the advent of the successful 
jet-reaction propelled aircraft that boundary layer control could be considered 
a practicable possibility, this type of propulsion being admirably suited 
to the objective. 

The control of boundary layer characteristics aims at reducing the depth 
increment of the layer and thus delaying tlie separation into turbulence by 
either or both of two methods ; (i) (developed by Prandtl) by abstracting 
air from the boundary layer through slots in the wings and fuselage ; and 
(ii) (proposed by Baumann) by ejecting on to the boundary layer to achieve 
the same result. The extent to which this can be applied, and the effect, is 
very clearly sliown by Figs. 1 .j 9 and 1 00, the control in this case being achieved 
by the suction method. 

With a jet-propelled aircraft the necessity of providing an air intake 
for the turbine unit, and an orifice for the ejection of the jet, present an excel- 
lent opportunity for exercising these methods of boundary layer control 
with the tremendous advantages they bring. In one of his early patent 
specifications Air Commodore Whittle, who evidently was well aware of the 
possibilities, allowed for the first of these applications, for he suggests having 
an annular forward-facing intake at a distance of two-thirds to three-quarters 
of the total length back from the leading end, or in the zone where a con- 
siderable depth of boundary layer is found to be present. He also makes 
provision for abstracting air into the turbo-unit from a series of orifices in 
the wings. 

One of tlie primary reasons for not having utilised these advantages 
in orthodox aircraft is the great volume of air to be inhaled and/or ejected. 
Dr. Warner gives this as being 1.2 eu. ft./see./sq. ft. of area at a speed of 
100 ni.p.h., the resulting maximum coefficient of 



Fig. 161. Air Cdre. F. Whittle patented this layout in 1938. The forward-facing 
air-intake scoops can be clearly seen together with the tail orifice for the jet. 

required for this purpose would need to be disproportionately large, but 
with an aircraft powered by a gas turbine unit the main power plant does 
the job and the whole aircraft gains thereby. What is also of great interest 
is that this extremely convenient avenue toward boundary layer control is 
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equally open similarly to the low and moderate speed aircraft as well as 
to the high speed machines. 

The primary criterion in effecting boundary layer control is the moving 
of huge quantities of air. Witli gas turbines, this can be achieved, and the 
great reduction in drag, with allied increase in lift coellieient, in addition to 
enhanced control- surface operating conditions, must be of the greatest bene- 
fit to all aircraft so powered. This applies irrespective of the lower efficiency 
of the turbine-compressor unit, as compared with the orthodox engine/air- 
sere w combination as already explained. 

Fig. 101 is a reproduction of a drawing in the patent specification taken 
out by Air Commodore Whittle in 1938. As may be seen, the air intake is 
in the form of radially disposed, forward-facing scoops, which would provide 
a definite ram effect, but Whittle covers himself in the specification text 
by stating that in the drawing the extent to which they project into the 
relative air flow is exaggerated in proportion. That this is, in fact, the case, 
is confirmed by the investigations carried out by Schrenk, for Warner quotes 
Schrenk as having found in 1928 that the best method of effecting control 
of the boundary layer — by the suction method — is by means of simple, wide, 
flush slots in the surface. 

Utilising Waste Exhaust 

For the reason stated earlier, the application of such a system to an 
orthodox type of aircraft would be more limited in its scope. Nevertheless, 
some advantage could be obtained. This was appreciated in a project 
sponsored by the Bristol Aeroplane Co., Ltd., A. H. R. Fedden and F. M. 
Owner, in 1936, shown diagrammatically in Fig. 162. This is of interest as 



A. Exhaust collector ring. D. Perforated skin. 

B. Exhaust tail pipe. E. Air conduit. 

C. Gas/air mixing chamber. F. Discharge conduit. 

G. Ejector nozzle. 

Fig. 162. Bristol exhaust-actuated boundary layer control. 


it employs the energy of the exhaust gases from a normal engine, which 
would otherwise be lost, to suck in the air from the boundary layer over part 
of the upper surface of an aerofoil. No demand is made on the power output 
of the engine and no auxiliary source of power is required. 

A radial engine driving an airscrew is mounted forward of the leading 
edge of the wing of what is apparently a very large aircraft. The exhaust 
gases are collected in a ring A, located at the leading edge of the engine 
cowling, and delivered by a tail pipe B to a mixing chamber C. The upper 
surface of the wing, along a band D lying at about the middle of the chord 
and running lengthwise of the wing, is formed with a series of perforations. 
These are preferably small, closely pitched holes, say, one sixty-fourth of 
an inch diameter and spaced one-quarter of an inch apart. 

An inlet conduit E leads from the perforated strip to the chamber C, 
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from whieh a conduit F leads to an outlet orifice in the lower surface of the 
wing near tlie trailing edge. From the tail pipe the exhaust gases discharge 
through a Melot type multiple ejector^nozzle, or “ thrust augnienter ” G. 

Together, nozzle G and chamber C constitute a Iluid ejector which draws 
air through the perforated strip D, along the conduit K to the chamber and 
expels it rearwardly, together with the exhaust gases, through conduit F. 
The path from the perforations to the outlet is designed to give a smooth 
flow and diverges gradually to the chamber and then converges to the outlet. 
In this manner the kinetic energy of the air in tlic conduit E is converted to 
pressure energy. In chamber C the air is entrained by the exhaust gases 




Fig. 163. The Prandtl and Baumann proposals for boundary layer control. They 
are shown incorporated in a suggested finely streamlined aircraft propelled by jet 
reaction. Velocities hitherto unattainable may become well within the bounds of 
possibility by the use of aircraft designed on these principles. 

and in flowing to the outlet the pressure energy is reconverted to kinetic 
energy and a forward thrust is thereby obtained to assist the propulsion of the 
aircraft. 

Fig. 16.3 shows an imaginative arrangement of a jet-propelled aircraft 
in which the boundary layer air flow is abstracted from the fuselage— it 
would also be taken likewise from the wings — and the efflux or jet is 
delivered on to the boundary layer region near the tail. In this type of design 
advantage is taken of both the Prandtl and Paumann proposals. 

The Compressibility Problem 

The foregoing remarks are concerned only with air flow conditions at 
subsonic speeds. However, as present day lighter aircraft of both airscrew 
and jet-reaction propulsion type are capable of approaching sonic speeds in 
various circumstances, a brief appraisal of the effects and their possible 
correction through boundary layer control is worthy of attention. 

Because physical conditions are such that flow' form undergoes a radical 
change as sonic speeds are approached and surpassed, the problems are 
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jet fighter project necessitated provision for the retracted 
undercarriage within the fuselage. 

intensified. At the sonic tlirosliold shock ^^aves form about the body, the 
intensity and magnitude of tlie waves depending upon the Mach value, 
i.e., tlic ratio of relative velocity to the speed of sound at the conditions 
obtaining. It should be pointed out, ho^^ever, that the criterion is almost 
invariably a Joc(tl Mach \alue — for example, the ratio of speed of air flow 
over, say, tlie >\ing leading edge, to tlie speed of sound at the height at which 
the machine is flying — and not the overall Mach \aluc. It is entirely possible 
that the aircraft might be flying at Mach 0.4 (40 per cent, of sonic speed) 
and yet at the same time the speed of air flow over the >\ing leading edge 
might easily be 0.(»,} sonic velocity. 

Should the local Mach value exceed the critical for any limiting condition, 
that is to say, if the >\ing root, for example, has a critical Mach value lower 
than that of any other part of the machine, then when that lowest critical 
condition is exceeded, trouble in some unpleasant form is very likely to occur 
due to the onset of shock w^av^es which bring about a disruption in the airflow. 
With the incidence of shock wav^es the flow form of the air about the body 
changes in such fashion as to bring about a separation in the flow which, 
as we have seen, results in an increase in the wake. Further, in these 
circumstances the wing w^ake will have increased to such an extent that it 
almost inevitably must envelop the tail surfaces, and this will result in 
bufleting or, in extreme cases, in the partial or even eomplete breakdown 
of elevator and rudder response. 

Faced with entirely ik'w problems, the aim of the designer of really 
high speed aircraft is to ev^olve a form of such character that the effects of 
irninutable physical laws arc to a certain extent nullified. The intensive 
research given to the cr(‘ation of high efliciency laminar flow airfoils is an 
example of progress tow^ards the desired goal. A great deal has still to be 
learned about the subject ; nevertheless, the very thin v\ing with knife-like 
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leading* edge lias been found to provoke a less violent slioek wave formation 
than tile normal laminar flow airfoil and, as sucli, must necessarily be a 
more effective type where sonic threshold conditions obtain. 

If the present trend toward thin laminar flow wings continues, a problem 
which arises is the accommodation for the retractable landing gear. In some 
late designs the wings of lighters already are of such a thin section that the 
ret I acted wheels cannot be suitably enclosed. Ingenious methods of retracting 
legs and wheels into the fuselage have therefore been devised — no easy task 
if the wheels are to be arranged suflieiently wide apart to ensure safe landing 
and mancruN rability on the ground. 

01 late years the notion of sharply sweeping the wings back has been 
favoured by project engineers for ultra high-speed aircraft. Certain 
designs ha\c had forw aid-swept wings, the aim being to avoid a horizontal 
leading edge in order to obtain a theoretical ad\antage in reducing drag. 
TJie |et propelled Me 1110 was a notable example of a high speed lightei 
with rearwardly swept -back A^ings and tail surfaces and se>eral other futurist 
designs follow broadly the same lines. It will be appreciated that a “ V ” 
formation wing reduces the speeihe wing span without altering the efleetive 
wing area. No reliable data ha\ e bet n foi theonung as yet on the actual benefits 



Fig. 165. Another Messerschmitt, the 1110 fighter project, had rearward swept 
wing and tail surfaces and a single jet unit mounted in the rear of the fuselage. 

derivable and the subject remains one for study and argument among 
technicians as sonic speeds become attainable and problems of compressi- 
bility threaten to constitute a barrier to further progress. A disad\antage 
of the “arrow-head” wing design is that the maximum lift coefficient is 
adversely affected. 

Thickness/Chord Ratio 

In an excellent paper presented to the Albany (New York) Society of 
Engineers, C. E. Pappas asserted that, in order to possess good characteristics, 
the thickness/chord ratio of a high-speed profile should not exceed 12 per cent. ; 
a fairly thin section. 

Although various high-speed modern aircraft have been successfully 
flown at overall Mach numbers as high as 0.8 (and thus at local Mach numbers 
probably approaching unity) it has been generally established that the actual 
critical effect of compressibility begins at Mach numbers exceeding 0.65 at 
moderate values of lift of tlie airfoil. Streamline shape breaks down 
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completely, and the drag coefTicient increases rapidly with increase of Mach 
number ; for example, between M = 0.60 and M — 0.75 it has been shown 
that the drag of a 12 per cent, t/c symmetrical profile increases tenfold and 
tlie lift breaks down. 

In the light of this, it seems quite extraordinary that modern fighters — 
with fairly orthodox airfoils — should have been able to fly at Mach values 
in excess of 0.8. The explanation of this apparent anomaly would appear 
to be that the aircraft concerned have occasioned the most confused flow 
forms of air about themselves when so flying yet, at the same time, have not 
been so susceptible to flow deformation as to break-up. That they have, 
however, exhibited marked disinclination to control response verging on the 
unmanageable has been reported, and it is an established fact that one of 
the most serious difficulties in the way of attaining very high speed flight is 
that of providing adequate control. It may here be interpolated that 
propulsion units of reejuisite power output are available and, for the first 
time, the engine manufacturer is ahead of the aircraft designer. 

When the intensity of the shock wave increases (intensity is the ratio of 
pressure ahead of the wave to pressure behind the wave) rotation of the 



Fig. 166. A forward swept wing was a feature of the Junkers 
287 bomber which, in this version, had twin 3-jet units. 

field sets in and a turbulent flow region exists behind the wave, and the 
intensity of turbulence increases with the intensity of the shock wave. 
Eventually separation sets in, especially at the higher angles of attack and, 
as indicated in Fig. 167, at this point the drag increases precipitously and lift 
decreases rapidly. With the introduction of separation, wing circulation is 
decreased with the resultant loss in maximum lift coefficient. The turbulent 
field behind the shock wave will cause the tail surfaces to buffet and. 
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consequently, the location of the tailplane is of paramount importance since 
it is very difficult to position this surface so that it will be out of the wing 
wake, particularly so since the wake increases appreciably when rotation of 
the field is created by the shock wave. In the light of these remarks, the 
Gloster Meteor which attained 606 m.p.h. is a pointed example. 
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Fig. 167. Apparent variations of total drag coefficient with Mach number. 

We have seen that even at normal subsonic air flow velocities, separation 
and a breakdown i nto turbulence occurs to a greater or lesser degree according 
to the fineness of the profile and the relative velocity, and, furtlier, that tlie 
onset of turbulence and its magnitude can be delayed, and even suppressed, 
by the use of boundary layer control. 

In these instances, the air has been acting as an incompressible fluid, 
but at the higher Mach values, as pointed out, the effective characteristics 
of the medium change, and conform to those of a compressible fluid whereby 
shock waves are induced and result in the unfortunate effects mentioned. 

There can be little doubt that, when more is known on the subject, the 
effects of shock wave formation at the compressibility threshold may well be 
materially modified by an extension of boundary layer control. Certainly, 
the advent of the gas turbine as a prime mover opens the way towards the 
adoption of boundary layer control systems, and for aircraft speeds below 
those of sound, control of this critical layer would undoubtedly bring about 
great aerodynamic advantages. 

Supersonic Speeds 

For supersonic speeds, it is as yet too early to advance predictions of the 
way in which boundary layer control will be employed to counter com- 
pressibility effects as they exist at present, although there would seem to be 
little doubt that the abstraction, or suction method (Prandtl) would prove 
to be more effective in this direction than the ejection system (Baumann). 

The most efficient forms of orifices for both the suction and pressure 
systems have been found to be similar to those shown respectively in Figs. 
156 and 157, where the suction orifice — ^air intake — is flush with the skin 
contour and at right angles to it, whilst the pressure orifice — ^jet — ^is arranged 
with its leading edge feathered to a sharp point profile in order to expel the air 
tangentially to the skin curvature. 

No matter whether a single or multi-engine design is in contemplation 
the boundary layer can be beneficially controlled in the manner described 
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When propellers are used in conjunction with turbines, they will most prob- 
ably be of the pusher type in order to ^ain whatever advantage is obtainable 
by deriving the engine intake air from the boundary layer region. 

Studious reflection on the shape of aircraft to come, bearing in mind 
the conditions briefly surveyed, leads to the belief that, in contradis- 
tinction to the high speed aircraft of the present time, the development of 
future ultra high-speed machines is likely to bring forth entirely new types. 
For example, the wing may be the foremost member, and the fuselage a 
trailing appendage with the tail surfaces mounted as high as possible. Such a 
design would overcome the possibility 6f shock waves about a protruding 
nose interfering with the wing, as the latter component would be passing 
through relatively undisturbed air. 

In any sucJi study, one is naturally led to consider tailless types 
and all- wing designs (discussed in the following chapter) which, so long as 
aircraft rely on static airfoil surfaces for their support in flight, can be looked 
upon as approaching the ultimate in tyj)e design. Considering the all-wing 
aircraft in relation to the present state of knowledge of aerodynamics one is 
forced to the conclusion that to speculate upon their possible characteristics 
for supersonic flight is somewhat premature — the tailless and all-wing types 
have yet to be fully developed for flight at more modest subsonic speeds. 

For the next few years to come it must be appreciated that the greatest 
aeronautical efforts must be directed towards achieving an economically 
tenable increase in both the lifting power and the cruising speed of commercial 
airliners. An increase of 100 m.p.h. or 150 m.p.h. in cruising speed, coupled 
with an increase in the aircraft’s lifting power is no inconsiderable task when 
the criterion is economically acceptable operating costs. That effective 
boundary layer control would have a material effect on the attainment of 
this goal cannot seriously be denied. With the development of turbines of 
low specific fuel consumption it is likely that we shall, in the comparatively 
near future, sec boundary layer control in normal employment. Advantage 
will be taken of submerging the j)ower units within the wings. It is apparent 
that no possible means of increasing operative cfliciency can be ignored in 
the competitive years ahead, and gas turbines, either with airscrews or as 
pure jets, offer opportunity for a considerable step up in speed. Successful 
solution of the problems involved could be regarded as a major advance in 
the science of aeronautics. In a general sense, power unit development is 
to-day ahead of progress with aircraft structures suitable for very high speeds 
and high altitudes. The solution of the problem of pressurized cabins 
is a prerequisite. 



CHAPTER XV 


TAILLESS AIRCRAFT AND THE FLYING WING : 
FUTURE TRENDS AND POSSIBILITIES DISCUSSED 

I N the summary of advantajres of turbine-compressor combinations for jet 
propulsion in Cliapter I, it was mentioned that tlieir convenient shape 
enabled such units to be completely enclosed in the fuselage or wliolly sub- 
merged in the wings. The desire to eliminate the conventional fuselage 
and tail surfaces has been current among designers for many years. New 
aircraft of such a character have been introduced from time to time since 
1910 when Junkers patented tlie Tragfliicheu, later known as the Nurjlugel, 
from which arises the designation all wing ” or ‘‘ Hying wing.” 

Less was known in those days, however, about stability which is by 
far the most critical factor in tailless design. Col. J. W. Dunne was one of 
the pioneers who realised the advantages and disadvantages of the tailless 
type — which should not be confused with the modern conception of a Hying 






Fig. 168. The Westland-Hill series 
of Pterodactyl designs was a notable 
British contribution to the develop- 
ment of tailless aircraft. Illustrated is 
a fighter with Rolls-Royce Goshawk 
engine. 


wing, that is, a deep-section all- wing aircraft providing accommodation 
internally for passengers, crew and cargo as well as for the motive units. 
Dunne foresaw that to ensure longitudinal stability it was necessary to sweep 
back the wings sharply in order to get the control surfaces (combination 
ailerons and elevators) well aft of the centre of gravity and so give them a 
reasonable “ lever arm.” His experiments were made in the period 1910- 
1912, and his aircraft were markedly vee-formed in plan. 
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About 1921 Lippisch experimented with models of tailless aircraft and 
was assisted in his work by Hermann Kohl. From 1928 they jointly produced 
five tailless monoplanes named the Delta, the last two having dihedral wings, 
tlie tips of which were turned sharply downward to improve stability. 
Lippisch designs employed a thin fabric-covered wing with a central engine 
and control cabin. Bristol or Fafnir engines of 30 h.p. were used with tractor 
airscrews. In support of his original layout Lippisch, against the normally 
accepted theoretical conceptions, claimed it was possible to achieve the 
necessary dynamic stability without any major dilhculty. 

Early British Types 

During the years between the wars, Capt. Geoffrey Hill revived interest 
in the tailless type with his Pterodactyls,” which were demonstrated at 
Britisli flying displays. On 
these the sweep back was 
rather less pronounced than in 
the Dunne aircraft, although 
still fairly considerable. 

Flying wings, by virtue 
of their reduced “wetted 
area ” and freedom from pro- 
tuberances, promise greatly 
increased cflicicncy, particu- 
larly when they are sufliciently 
large to enable submerged 
power units to be employed. 

With the rapid increase in the 
size of aircraft being built or 
projected (100 tons all-up 
weight and wing spans of 
200ft. are now common talk) 
the obvious trend is to enclose 
the power units completely 
in the wing and so effect a 
reduction in drag. To this end 
horizontally - opposed, hori- 
zontal H- and acute X- 
type engines have been 
specially developed for sub- 
merged installation. 

It was foreshadowed in earlier editions of this work that the advent of 
the gas turbine must necessarily bring such projects nearer fruition and 
create something of a revolution in aircraft design. Instead of concentrating 
thought on the possibility of adapting conventional types of aircraft to pro- 
pulsion by turbine-jet or turbine-airscrew units, the perfection of prime 
movers of the type under discussion will bring about a complete transforma- 
tion. That is, new' aircraft wall in future be designed around the pow'er 
units rather than adapting and modifying orthodox types of aircraft to 
receive them. This trend is, indeed, already becoming established and is 
apparent in the design of the de Havilland Vampire and of the Lockheed 
Shooting Star, without recourse to study of the extremely advanced and, 
in some cases, almost incongruously novel designs projected in Germany 
immediately prior to her defeat. Some projects are illustrated. 

It may be claimed that ultra high-speed aircraft design is a highly 
specialised branch of aeronautical science and the design of large civil aircraft 
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may be widely divergent to meet different operating conditions. This is 
true, with the proviso that wliat applies to military aircraft to-day may well 
become applicable to civil types in the near future. Accordingly, we are 
justified in looking ahead and considering likely trends in large scale airliners of 
the future and the possible influence of tlie gas turbine power unit on their design. 

Such a forward survey necessarily includes the attractive proposition 
of the flying wing, for although the idea is as old as the industry itself, only 
in comparatively recent years Jiave advances in aerodynamic and structural 
knowledge brought the essentially deep section wing to the stage of practicable 
realisation. Consequently, the problem of housing the power units internally 
in addition to providing accommodation for passengers and crew is no longer 
merely a dream of designers. Whether the type will finally emerge success- 
fully in large sizes will depend upon the progress made in solving basic 
problems of stability. It may be said that so much development work has 
been undertaken in America and Germany as well as in tliis country, that all- 
round stability is no longer the handicap to all-wing types that it former y was. 

In this long-term study another type of exceptional aerodynamic qualities 
merits attention. Flying wings, which involve deep sections throughout, 
are not favoured the world over. There is, indeed, a decided tendency to 
adopt tailless types with thin section, knife edge ” airfoils on account of 
their advantageous characteristics at the high speeds now attainable. With 
a true flying wing, as compared with a tailless design, it is a criticism of some 



importance that the location of the passenger compartment in the wing 
section tends to restrict the field of vision afforded to the occupants. Upward 
and downward views are certainly not as pleasing or reassuring as the wide 
vistas obtainable from the sides of a fuselage. However, promenade space 
could and probably would be arranged in the leading edge of the wing in the 
large transport types. The tailless design, it is urged, would avoid that 
criticism by permitting a large capacity fuselage in combination with thin 
section wings designed for operation at conditions of high Mach number.* 

* Mach number is a decimal figure indicating local air speed relative to the speed 
of sound at the prevailing atmospheric conditions, Sonic speed is expressed as Mach 

number i.o. 
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This consideration, among others, is diverting the attention of forward- 
thinking designers from true flying wings to modified tailless forms of air- 
craft, which may well have thin wings swept sharply backward or, possibly, 
forward. Prior to the advent of the gas turbine when speeds of military 
aircraft were about 300 m.p.h., and of the 200 m.p.h. order for civil aircraft. 





Fig. 171. Design for a twin-jet tailless fighter. 


a mere 20 m.p.h. or so increase per year was a decided gain. The troubles 
wliicli come with compressibility were not unduly pronounced, although 
tliey were recognised as needing study for the future as speeds steadily 
mounted. The arrival of tlie gas turbine, making possible a jump in 
operational speeds to nearly 000 m.p.h. and a consequent approach to the 
tlireshliold of sonic speed, not only vested the problem of boundary layer 
control with added importance but, as the volume of air passing through a 



Fig. 172. Conception of single-jet tailless fighter with 
forward-swept wings. 

turbine system is so immense, opened the way to a practicable method of 
achieving such control. The importance of this subject cannot be overstressed 
for a tremendous enhancement of performance would result. It is a subject 
for special study by research engineers. 

In general, it may be observed, the overall design position is that power 
units are now ahead of aircraft structures. Aerodynamicists could have 
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been expected to maintain their relatively advanced position had recipro- 
cating engines merely continued to achieve their regular year-by-year incre- 
ment in power output. The proved gas turbine of high power and small 
dimensions, however, completely altered the picture. Compressibility factors 
suddenly became urgent problems demanding early solution. 

Whether in Britain progress towards airframe and wing designs possessing 
the optimum aerodynamic (jualitics compares favourably with similar 
activities in America is a matter for debate. Some students of design incline 
to the view that Britain has maintained her lead with power units but is 
not so prominent in airframe and w^ing design. It has been suggested that 

this position can be attributed 
to the policy of secrecy 
toward turbines necessarily 
adopted here during the war. 
The effect of the ‘‘ hush- 
hush ” policy was to delay 
consideration of the many 
problems confronting airframe 
designers until lightweight 
turbine propulsion units of 
enormously increased pow^r 
output suddenly became 
available for operation. 

In fact, it can be accepted 
that the extraordinarily rapid 
advance of the new rotating 
prime mover literally caught 
many aircraft engineers nap- 
ping. 

Much of the possible 
benefit derivable from the 
application of a compact 
turbine-jet unit in lieu of a 
piston engine of larger size 
and greater weight but 
comparable thrust horse- 
power is lost if full advantage is not taken of the inherent cleanliness of tlie 
turbine aerodynamically, and the shorter and lighter undercarriages made 
possible by the absence of airscrews. 

Of late years aircraft constructors have mainly devoted their attention 
to two- or four-engine types. One wonders whether the advent of the small 
and compact turbine may not re-divert attention to three-engined aircraft. 
Attractive layouts are possible in this connection, and an example of a 
futurist type with swept-back wings projecting well behind the nose of the 
fuselage is submitted in Fig. 17tS. Three turbines are employed, one in eaeh 
of the wing roots and the third in the tail. All-round visibility would be a 
feature of this powerful multi-purpose design. 

It may be stated with some justilieation that for years the liaison 
between aireraft project engineers and power unit specialists has not been as 
close as it could and should have been. The war corrected to some degree 
the policy of watertight compartments and development by separate groups 
working in a detached way. With turbine applications the closest possible 
liaison between structural engineers and the power unit specialist is a sine 
qua non. The ever-present need for co-operation becomes doubly important 
if we are to achieve the maximum benefit in the shortest time from the 
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revolutionary improvements made possible by the adoption of gas turbines. 
With first-class team work, the advanced designs of the next five years will 
be spectacular in appearance as well as performance. 

It has been estimated that a flying wing has from 33J per cent, to 50 
per cent, less total drag than a normal type, which implies that comparably 
less thrust power is needed to attain the same speed. Since a jet propulsion 
unit is considerably lighter in weight than an equivalent reciprocating engihe 
with its many auxiliaries, a double advantage is suggested from a technical 
diagnosis, by marrying the flying wing to the gas turbine. It seems a logical 
development with attraetive possibilities. 

Until the problems assoeiated with large capacity pressure cabins for 
operation in the stratosphere are solved, and there are many, the full benefit 
of flight by pure jet propulsion will not be attainable. A great deal of 
research has been carried on in several countries, but much hard thinking and 
experiment will still be necessary before a large airliner can be operated for 
public transport at high altitudes where the turbine-jet functions at higher 
eflieieney. The dilTieult ics w ith small pressurised cabins are not so great ; 
it is in maintaining normal pressures in capacious passenger cabins that the 
problem assumes the greatest impoitanee. 

Fast Mail Plane Services 

For this reason it is conceivable that ultra-fast jet-propelled mail planes 
with a small pressurised cabin for the crew may be the first to be used on 
long-distance transocean services to Canada, America and Australia. 
Flying high and extremely fast under the most economical conditions, 
speedy air mail services to all parts of the globe would be possible if 
H.M. Postmaster- (ieneral encourages such projects. The teehnieal equip- 
ment could be relatively quickly available if manufacturers are given the 
necessary support. 

Reverting to passenger transports, a tricycle or tractor type undt*r- 
carriage is a desirable feature of the speeilication in order to provide a natural 
level for a large multi-engincd aircraft and ease of passengers in moving 
about when the aircraft is on the ground and also to aid manceuvrability 
on the airfield. As already stressed, a very low build is possible since little 
ground clearance is rec^uired with the comparatively small -diameter counter- 
rotating airscrew^s likely to be employed, and less still if propulsive jets arc 
used exclusively. Inside the aircraft a small independent auxiliary engine 
or turbine driving a generator would be desirable to take care of the many 
electrically-operated components and mechanisms such as starters, airscrew's, 
undercarriage, flaps, lighting and radio. 

** Mixed " Power Units 

By way of illustration of tlie possible form our future airliners may take, 
the author, in 1943, roughly sketched for execution by R. E. Poulton an 
impression of a large flying- wing transport embodying control surfaces of the 
Lippisch or Northrop type (page 185), which was extensively reproduced in 
U.S.A. It is of very wide span and powered by four submerged turbine 
units. The inboard pair drive counter-rotating airscrews, whilst the outboard 
units are of the jet propulsion type. A feature of this bare layout is that 
ducts for the respective air intakes are arranged in or near the point of the 
wing section of greatest depth in order to effect boundary layer control, and 
the propulsion nozzles are arranged in the trail ing-edge. 

Since the weight of the airscrews is considerable, it is suggested that 
they would be employed on the inner pair in order to concentrate weight 
near the central axis and permit lighter construction. In this arrangement 
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the efflux of the turbines could be utilised as auxiliary propulsive jets. By 
suitable ducting, as much of the heat as necessary could be diverted along 
the leading-edge of the wing and control surfaces to prevent ice formation 
when operating under adverse atmospheric conditions. 

Variants of this scheme might with advantage form a subject of investi- 
gation. For example, as another of the drawings indicates, the four or more 
turbine units could be of the jet projiulsion type without airscrews, or alter- 
natively two of thorn might drive tractor airscrews or pusher type propellers. 
Again all four turbines could have pusher type contra-rotating propellers. 

A further modification would be to use a “ mixed ” system on a four- 
unit or six-unit design. That is, the inboard pair might be orthodox two- or 
four-stroke reciprocating engines and the outboard units turbine-jet propulsion 
plants. The advantages suggested by such an arrangement are that reciprocat- 
ing engines with contra-rotating airscrews would enable a quicker take-off and 
rate of climb, aid maiKcuvrability of the aircraft on the ground, and prove 
more eHicient at the present normal operating altitudes. At the higher 
altitudes, as the elTicieney of the reciprocating engines tended to fall away. 



Fig. 175. Four suggested arrangements of power units on flying-wing aircraft. 


A. Four continuous combustion turbine and axial 
compressor type jet propulsion units. 

C. Two reciprocating engines driving counter- 
rotating airscrews and two jet propulsion units. 


B. Two turbine-driven counter-routing airscrews 
and two jet propulsion units. 

D. Two reciprocating enginesdriving counter-rout- 
ing pusher airscrews and two jet propulsion unlu. 


the jet propulsion units w^ould compensate for the loss, and could also possibly 
be used as the sole means of propulsion for economical cruising. Under 
certain conditions of high-altitude flight, particularly when operating over 
long ranges, it might be an advantage if the reciprocating engines could 
be stopped to conserve fuel, propeller blades fully feathered, and the aircraft 
carry on solely by jet reaction. Again, for military uses, a turbine-compressor 
unit might with advantage be used on existing heavy bombers to enable 
quicker take-off under full load conditions, and also to give increased speed 
when desirable in certain emergencies. In this connection the idea of 
utilising the greatly improved elUciency of rockets in combination with 
turbine-jet planes will not be overlooked. Already rocket-assisted take off 
has been regularly used on military and naval aircraft with marked success. 
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Scope for Designers 

The idea of associating conventional petrol reciprocating engines driving 
airscrews with the combustion gas turbine and compressor plant producing 
a propulsive jet was first propounded by the writer in Flipjit of November 26th, 
1942, in a note emphasising the urgent need for a Government policy on 
post-war air transport. Some time prior to that date, and following 
a talk with a non-technical artist, a futurist drawing was produced of a 
mammoth long-range air liner embodying every travel comfort for world- 
wide transport. The drawing showed eight reciprocating engines driving 
contra-rotating airscrews, the power units being submerged in the wings, 
and independent or subsidiary means of jet propulsion by a gas turbine- 
compressor combination located in the tail of the fuselage. 

In the likely e\ent of the flying wing being combined with a 
plurality of gas turbine motive units, many alternatixe methods of employing 
them individually or eolleeti\ely otter considerable scope for the ingenuity 
of designer and project engineer. It is obvious that should a part of the 
power plant be in the form of reciprocating engines or turbines with airscrews, 
the latter may be of the tractor or pusher type. 

All things considered, if the small-scale flying wing has attained the 
stage of progress that its protagonists aver, the way is open for the develop- 
ment of large transport aircraft on these lines. The smooth-running gas 
turbine enclosed within the wing is a most attractive power unit for such a 
design by reason of its convenient contour and other considerations. Jet 
propulsion is nov\ being aece])ted as the most suitable for high-speed, high- 
altitude flight, but in the ease of eommcreial transjiort operating at lower 
altitudes and lov^er speeds, it has already been stressed that the economic 
possibility of turbine-airscrew propulsion, vith its low sjiecifie fuel con- 
sumption, now exists. 


Northrop Flying Wings 

Probably no aircraft constructor in America lias devoted mor(‘ thought 
to the design and production of flying wings than Mr. Jack K. Northrop. 
When visiting his works on the outskirts of l.,os Angeles in September, 1911, 
the author asked Mr. Northrop if, following his extensive flying expeiiments 
and development work on flying wings, his faith in the future ot the ty])e wa^ 
as strong as ever. He replied to the effect that his confidence w as, if anything, 
stronger than before. Attractive twin- and lour-engined aircraft models 
decorated his oflice and although the Northrop works were, at that time, 
busily occupied on the twin-engined, twin-boom Hlack Widow^ night-fighter, 
one may confidently expect further advanced flying wing designs from this 
enteriirising Californian factory. 

A small scale flying model of the Northrop flying wing which, first 
powered with two 65 fi.p. four-cylinder Lycoming engines and later with 
two 120 h.p. six-cylinder Franklin engines, has been subjected to extensKe 
testing in America over some considerable period. This macfiine has a 38ft. 
span and is 171t. long. After the initial tests in 1940 it was rcjiorted tliat 
adeiiuate controllability and stability about all three axes had been achieved, 
obtained through the shape of the wing rather than through the use of external 
fins, rudders, stabiliser or other auxiliary services. The wings are swept 
acutely backward and although the tips were originally dropped downward 
in a negative dihedral form following the example of Lippisch designs, these 
were subsequently changed in favour of normal tips. The horizontal-type 
reciprocating engines are lioused entirely within the wing section and drive 
pusher airscrews. 
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Althou^?h fitted with four Pratt & Whitnej piston engines driving pusher 
t\pe contra-rotating airscrews, the Northrop XB:t5 experimental bomber 
announced as this edition goes to press, is of particular interest as such a 
type is especially suited to gas turbine propulsion. Particulars of this 
ctiiitil(‘ver, all-inctal, Hying wing which has no tail surfaces and uses “ elevon ” 
controls as both elevators and ailerons are appended : 

Design weight empty . . 89,000 lb. Tip chord . . . . . . Oft. 4in. 

Design weight loaded ..162,0001b. Overall height .. .. 20ft. lin. 

Span .. .. .. 172ft. Overall length .. .. 53ft. lin. 

Hoot chord . . . . 37lt. 6in. Propeller clearance . . t)ft. Sin. 

The new XB3.j was due to undergo flight tests in the suininer of 1946. 
II is understood tliat turbine units, both jet and airscrew t\])cs, will be 
employed on later models. A suitable jiowci unit is being de\ eloped by tl e 
Noithroii-IIardy Co. 



Fig. 176. The Northrop XB-35 flymg-wing bomber with four piston engines. An 
aircraft of this type and size is eminently suited for gas-turbine power plants. 


Speaking of California reminds one that in no other district of America 
is interest in turbine-jet projmlsion so pronounced as on the Pacific Coast. 
Mr. Hall Hibbard, Chief Kngineer, and Mr. Clarence li. Johnson, Designer of 
tile l.oekheed Shooting Star, ha\e tremendous enthusiasm for the t>pes for 
which they aie responsible. Mr. Hibbard expressed the view that in a 
relatively shoit time we shall see turbine-jet aircraft speeds passing through 
the compressibility range and exceeding the speed of sound (approximately 
72,5 775 m.p.h. at sea level). Similar confidence was evident to a greater 
or lesser degree among aircraft engineers with v\hom the author discussed the 
pov^er unit position vaIicii the guest of the American Society of Automotive 
Engineers at their Aeronautical Convention, Los Angeles, in 1944. 

Fig. 177 shows three models by the Hawker-Siddeley group for tailless 
and flying-wing aircraft. The types represented will obviously hav^e 
imjiortant civil and military applications. To speed development and 
permit study of design and liandling jiroblems associated wdtli aircraft of 
this class, Sir W. (k Armstrong-Whitworth Aircraft Ltd. have built a two-seat 
flying- wing glider with a laminar-flow wing and a novel control system, the 
horizontal moving surfaces of which occupy approximately 50 per cent, of 
the wing chord. The span is 53ft. 
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Fig. 177. Three Hawker-Siddeley models for tailless and “flying wing ” aircraft. Top, 
a tailless design with submerged power plants driving pusher airscrews ; centre, 
a flying wing with jet outlets above the trailing-edge ; and, below, a jet-propelled 
tailless aircraft resembling the airscrew-driven design. 

Transocean Turbine-jet Liner 

Bused upon siieeessful tests this fl>infr-wing glider, Armstrong 

Wild worth ha^e reeently unnouneed their interest in a transoeean all-wing 
night flying passenger and freight liner of 100-foot si)an to the designs of 
Mr. John Lloyd. Six Kolls-Boyee Nene turhine-jet units are proposed with 
fuel tanks of 10,000 gallons eaj)aeity. A j)ayload of 29,700 lbs. is provided 
at a speed (‘xeeeding 400 in.p.h. Wing area is 4,400 sq. ft., mean chord 
27ft. Oin. and wing loading 41 lb. s(|. foot. I'hc pressurised cabin will provide 
accommodation for 24 to 28 sleeping passengers. 

Design, Initiative and Policy- 

In his 1940 Wilbur Wright Memorial lecture to the Boyal Aeronautical 
Society, llr. IJ. Koxbee Lox took as his subject the “ Future of British Civil 
Aviation.” On the problem of the “ all-wing aircraft ” he said : 

“ Aircraft design is inq^roved by the desire for greater safety, con- 
venience, economy and prestige, and is a compromise between these four. 
Our future success will depend on our technical initiative. Some of the big 
jumps are appearing- —pressure cabins, laminar boundary layers, pusher 
airscrews, diesel and direct inject ion engines, all-w ing aircraft. 

“ I have previously discussed the general problem of large aircraft, 
explaining the necessity for spreading the masses across the span. This 
led naturally to the all-wing design, which is highly elticient structurally, 
but is efRcient as a load container only in very large sizes. This is because 
the ratio of surface to volume is large and because head room is restricted. 
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Fig. 178. The Armstrong Whitworth 52-G all-wing glider in the air. 


“ In 179 tlie ordinates of the full lines give wing stowage space, and 
the diiierenee between dotted and full lines gives fuselage stowage space. 
Taking i30 lb. s(p ft. as a wing loading likely to be realised soon, we see that for 
small aircraft there is no room for passengers in the wing. At 100,000 lb. 
the wing begins to have a little accommodation in it, and for a 15 per cent, 
stowed load at 280,000 lb. the wing can accommodate as much as the fuselage. 
At 380,000 lb. there is no need for a fuselage. Fig. 180 emphasises that true 
all-wing aircraft will be big. From Fig. 182 we see the gain in performance 
obtained by utilising the wing for stowage. The first steps tow^ards the 
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Fig. 179. Wing stowage space. 


Fig. 180. Advantage in large sizes. 
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Fig. 181. Transition from normal to flying 
wing type. 


Fig. 182. Performance improvement with wing 
stowage. 


all-win^^ (losigii were taken in a most notable Germtin acToplane, the 
Junkers (J.J8, wliieh, with its wint» loadinjt of 10 lb. sq. ft., and with a stowed 
load of about 10 per cent, of tlie all-uj) weif»bt, fits well into Fif». 179.” 

No less laleiited a desi^mcr than Mr. Hoy Cliadwiek, chief designer of 
llie foiir-cii^ined Avro Lancaster bomber and I'udor airliners, expressed 
liis views in November, 1943, on post-war civil aircraft. Among otlier 
o])scrvations lie forecast tliat Hie petrol -burning internal-eointiustion engine 
Avitli ])ropeller will be the most common tyjie of propulsion for some time. 
Jet jiropiilsion will be developed but will not be in common use for civil 
aircraft in less than ten years. He believed that the big jumj) in sjieed will 
come when jet-propelled aircraft, operating at high altitude with pressurised 
cabins for the crew and passengers, are fully developed. 

At the time many thought that Mr. Chadwick's views were too pessi- 
mistic as to the probable progress in the next ten years. 

Two years later Mr. Chadwick mentioned a pure-jet airliner weighing 
100,000 lb. W'bieli would cruise at 500 m.j).h. for 2,500 to 3,000 miles at 
50,000ft. as a possible llritisb achievement within about the next four years. 
Flying at 50,000ft. would iritrodiiee additional pressurisation problems and 
the eabin blowers would have to maintain a pressure differential of 1 1 lb. sq. in. 

The Society of British Aircraft Constnietors in a memorandum issued in 
June, 1943, included this forecast of tlie three main stages in development of 
British transport aircraft : 

(a) The immediate post-war period, marked by use of aircraft derived 
from Service counterparts, but embodying ])resent-day experience. 
(h) A period which, if immediate action be taken, could begin in 
4 to 5 years, with the coming into serx iee of aeroplanes projected 
with some regard to the needs of aiHine oj)erators. 

(c) A period beginning, perliaps, in ten years, using aircraft embodying 
jet propulsion, boundary layer control, flying-wing design. 


TAILLESS AND ALL WING AIRCRAFT 


193 


Fig. 183. 


At high altitudes higher flying 
speeds are possible with less 
expenditure of power. At about 
33,000ft. an aircraft gains 40 
per cent, in speed and 50 per cent, 
in range for the same overall 
consumption of fuel as a similar 
aircraft flying at low altitude. 


The chart herewith shows the 
heights above the earth’s surface 
attained by balloons, heavier- 
than-air craft and the V-2 rocket 
weapon. 


The layer nearest the earth, 
known as the troposphere, ex- 
tends for 6 to 10 miles. Beyond 
that is the stratosphere continu- 
ing to a total distance of about 
30 miles. Between the two is a 
layer called the tropopause in 
which the transition from one 
layer to the other takes place. 


In the troposphere temperature 
decreases at a uniform rate of 
2 deg. C. per 1,000ft. as the 
distance from the earth’s surface 
is increased. Temperature is 
constant at — 55 deg. C. In the 
stratosphere and difficulties due 
to atmospheric conditions are 
virtually non-existent. 
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CHAPTER XVI. 


CONSTANT-PRESSURE GAS TURBINES OPERATING ON 
A CLOSED CYCLE : GASEOUS AND LIQUID WORKING 

MEDIUMS. 

C ONSTANT-PRESSURE gas turbine plants may be divided into two 
groups according to whether they function on an “ open ” or “ closed ” 
thermal cycle. The three systems described in this article are all of the 
closed-cycle type and represent Swiss, British and American ideas on the 
subject. 

Earlier reviews of turbine units have referred exclusively to open-cycle 
plants. They were true combustion gas turbines, and to avoid the possibility 
of confusion arising, a diagram is given in Fig. 184. The rotary compressor 

A draws air from the atmosphere and delivers 
it under pressure to a combustion chamber 
B into which fuel is sprayed continuously 
through injector C. The combustion gases are 
expanded through the turbine D, producing 
mechanical energy which drives the com- 
pressor and delivers useful power at the out- 
put shaft E. To improve the thermal efficiency, 
heat remaining in the gases leaving the turbine 
is utilised in a contra-flow heat exchanger or 
regenerator F to raise the temperature of the 
air coming from the compressor. 

By comparison, it would seem that closed- 
cycle plants possess features that remder them 
particularly attractive for aircraft installation. 
It is claimed that a thermal efficiency at least 
equal to that of an up-to-date steam plant can 
be obtained without excessively high pressures 
or temperatures, and consequently metallurgical problems arc greatly simpli- 
fied. The working medium may be air or some other gas, or a liquid, and 
may be non-inflammable, non-toxic, and non-corrosive to metals. Any 
suitable fuel, solid, liquid or gaseous, may be employed, and the products 
of combustion have no access to any moving parts. Thus frictional losses 
and wear are reduced while safety in 
operation is enhanced. 

Regenerative Closed Cycle 

A Swiss firm, Escher Wyss Engineer- 
ing Works, Ltd., of Zurich, have for 
some time had a large industrial plant 
of this description in operation driving 
an electric generator. How such a 
system functions may be seen in the 
diagram. Fig. 1 85. The working gas (air 
is used in the Escher Wyss plant) is 
compressed isothermally in a rotary 
compressor A, having several stages 
and intercoolers. On its way to the 
turbine D, the temperature of the gas 

1 <) 



Fig. IBS. Diagram of Escher Wyss 
closed-cycle, constant-pressure gas 
turbine plant with oil or gas fired 
furnace. 



Fig. 184. Diagram of open- 
cycle, constant-pressure 
combustion gas turbine 
plant with regenerator. 
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is raised by passage through a regenerator F, and before reaching the turbine 
inlet it is superheated in a furnace B. In this unit is an oil burner C supplied 
with combustion air entering at G, and pre-heated by the products of com- 
bustion which are discharged to atmosphere. The working medium is 
expanded through the turbine to drive the compressor and deliver power 
at shaft E in the usual manner. After leaving the turbine the medium 
passes through the regenerator, where it gives up heat to the compressed 
air on its way to the furnace, and then ^through a cooler H, which further 
reduces it to the desired temperature at the compressor inlet. Thus the 
working medium is compressed, warmed, heated, expanded and cooled ready 
for re-compression in a completely closed circuit. 

Working under ideal conditions with no loss, it can be shown that for 
specified maximum and minimum temperatures of the medium, the thermal 
eliiciency depends solely on the ratio of the maximum and minimum pres- 
sures and not on the absolute magnitude of the pressures. The lower the 
pressure ratio the higher the efficiency. In practice, of course, heat is lost 
at the compressor stage coolers, at the final gas cooler H, at the furnace 
flue, by friction and radiation. Nevertheless, the principle holds good 
approximately for a system in which losses occur. Whilst a steam plant 
requires high pressures and high temperatures to achieve efficiency, in the 
closed-circuit gas turbine plant it is not necessary to raise pressures to improve 
efficiency. Thus it offers the possibility of substantial advantages in weight, 
first cost, and maintenance of both the main units and also the valves and 
control equipment. 

The separation of the gas circuit from the combustion process enables 
the flow passages to be of reduced cross section, as there is no liability of 
impedance or restriction by accumulation of solid matter from the products 
of combustion. Size and weight are also favourably influenced owing to the 
entire circuit operating under pressure, as the rate of heat transfer is nearly 
proportional to the pressure. These considerations apply with particular 
effect to the regenerator, which can conveniently be of smaller dimensions 
than an equivalent unit for a freely discharging, open-cycle system. 

Working Pressures 

With an initial pressure of 10 atm. abs. at the compressor intake, instead 
of the 1 atm. abs. as is usual with the open-cycle system, and with equal 
temperatures and speeds, the diameters of both turbine and compressor 
ean be reduced by 66 per cent. Even with such a reduction, the Reynolds 
number for the rotor blades would be three times as great as for the equivalent 
open-cycle rotor. 

Also of importance is the facility for control by regulating the density 
of the working medium in the closed-cycle without altering either the tem- 
perature or the speed. If, in the smaller units referred to, the pressure at 
the eompressor inlet is lowered from 10 atm. abs. to 1 atm. abs., the output 
would be reduced by 90 per cent. Actually the medium in the closed cycle 
can be reduced to a negative pressure in order to reduce the power required 
for initial rotation when starting up the plant. 

The English Electric Company also have a project for closed-circuit 
turbine plants using a gas as the working medium. Specifically they exclude 
vapours, for example, steam or mercury vapour, and also air. As there is no 
loss of the medium from the closed circuit, it is possible to employ relatively 
rare gases. The general layout of the plant is essentially similar to that 
of the Escher Wyss system and is indicated diagrammatically in Tig. 186, 

The working medium is compressed in an axial flow compressor A and 
is passed through a tube in the furnace C and thence to the inlet side of 
turbine B. The heater may be oil fired, although pulverised fuel, or indeed 
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any type of fuel may be used. The gas leaving the turbine on the return 
half of the circuit still retains a considerable amount of heat and is therefore 
passed through a regenerator D in order to preheat the cool gas on its way 
from the compressor to the furnace. If, after leaving the regenerator, the 
return gas is still at a higher temperature than desirable, it may be passed 
through a cooler, not shown in the diagram, before entering the compressor 
for recirculation. The products of combustion do not, of course, pass into 
the compressor and turbine system. 

The outstanding feature of the Knglish Electric system is the use of a 
monatomic gas as the working medium. A monatomic gas may be briefly 

defined as one in which the molecule, 
the smallest division retaining all the 
characteristics of the gas, contains 
only one atom. The molecules of 
diatomic and triatomic gases, carbon 
monoxide and carbon dioxide, for 
instance, have respectively two and 
three atoms. For a monatomic gas 
the ratio of the specific heat at con- 
stant pressure to the specific heat at 
constant volume is approximately 
3.66 as compared with 1.4 for a 
diatomic gas and 1.3 for a triatomic 
gas. The higher the value of this 
ratio the lower will be the pressure 
ratio required for a compressor and 
turbine designed to give maximum 
elliciency at chosen values of maxi- 
mum and minimum limits of tem- 
perature in the system. 

Furthermore, within given tem- 
perature limits and with a given 
pressure ratio, the greater the den- 
sity of the gas the smaller will be 
the adiabatic heat drop in the 
turbine. As a consequence, providing that rotor diameters, speeds of 
rotation and ratios of blade speed to gas speed remain the same, the num- 
ber of stages required in the turbine and in the compressor will be fewer. 
Additionally, the greater the density of the gas the smaller will be the 
dimensions of the flow passages. A monatomic gas is not liable to dis- 
sociation at high temperatures, and if a relatively inert gas is used, the 
corrosive action on the turbine and compressor blades will be less than that 
of air. 

By using a monatomic gas, such as argon, all these advantages can be 
realised. This inert gas has a density approximately 1.38 times that of air 
at the same temperature and pressure. The rare gases krypton and xenon 
could also be used to further advantage, as their densities are respectively 
2.87 times and 4.53 times that of air. Some proportion of neon, another 
monatomic gas, could be included in the working medium, although its low 
density, only 0.696 that of air, is a disadvantage. 

The question of relative density is of considerable importance. As an 
alternative to the comparatively rare gases mentioned, the English Electric 
Co. proijose the use of carbon dioxide for the working medium, as it has a 
density of 1.52 times that of air at the same temperature and pressure. This 
despite the fact that it is a triatomic gas and consequently less suitable for 
the purpose than a monatomic gas. 



Fig. 186. Diagram of English Electric 
closed-cycle turbine plant employ- 
ing a monatomic gas as the working 
medium. 
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From the U.S.A. comes a proposal by B. B. Holmes to employ a liquid 
medium in a closed thermal cycle to operate a turbine specifically for driving 
an airscrew. In the past various fiuids such as alcohol, aniline, benzol, 
carbon tetrachloride, ether, sulphur dioxide, toluol, water and xylol have 
been suggested as a working fluid for converting heat into motive power, but 
all had disadvantages which rendered them impracticable or dangerous in 
operation and therefore not suitable for commercial use. In the main, the 
critical temperatures and pressures of suph fluids are excessively high and 
thereby necessitate extremely heavy equipment, or they are highly toxic, 
corrosive or inflammable and consequently liable to be dangerous to life and 
property. 

The liquids proposed are stable chemical combinations of carbon, chlorine 
and fluorine, and known as “ freons.” Four of these compounds, trichloro- 
inonofluoro-methane (F-11), dichloro-difluoro-methane (F-12), dichloro- 
monofluoro-methane (F-21), and trichloro-trifluoro-ethane (F-113), possess 
physical and thermodynamic properties which render them suitable for use 
in a turbine motive unit for aircraft. All are non-toxic, non-combustible 
and non-corrosive to metal. Each has a low melting point, low critical 
temperature and low critical pressure. 




SYMBOL 

MELTING 

POINT 

deg. C. 

CRITICAL 

PRESSURE 

Ib./sq. in. abs. 

CRITICAL 
TEMPERA- 
TURE 
deg. C. 

F-ll 

Trichloro-raonofluoro- 
methane ... 

CCljF 

- 1111 

685 

197-7 

F-12 

Dichloro - difluoro- 
methane ... 

CCl|F| 

- 167-7 

582 

111-7 

F-21 

Dichloro-monofluoro- 
methanc 

CHC1,F 

- 185-0 

750 

178-7 

F-113 

Trichloro - trifluoro- 
methaiie ... 

C.Cl.F, 

- 35-0 

490 

213-9 


The choice of the liquid for a specific aircraft application will depend upon 
the prevailing condensing temperature, that is, whether the aircraft travels 
in sub-zero or higher temperature conditions, and upon the thermal 







gas turbines and jet propulsion 

^KtnJnfthle from the liquid under the conditions obtaining. Thus 
a^Tcmft mr£e opemted talinter or at high altitudes with one liquid 
^Ust in sunrner or at low altitudes another might be employed to better 

'^'^Kquid is raised to a pressure of between 400 and 1,000 Ib./sq. in ; 
heat is applied externally to raise the temperature to between 93 
and*215 deg. C. to vaporise the liquid ; the vapour is superheated to 
nerature sufficiently high to ensure dryness throughout the desired c xpansion 
SeTt“pour^is cLdensed back to a liquid and the cycle is continuously 

’■^'^^A^diagrammatic layout of such a thermal plant in an aircraft is shown 
in Fig. 18'^ The liquid under pressure is forced along pipe A to the heater B, 



where the temperature is raised progressively in outer coil C and inner coil 
D. Pipe E conveys the heated vapour to the throttle valve F controlling 
admission to the turbine G, where it is expanded to perform useful work. 
The turbine drives the airscrew through a reduction gear H enclosed in a 
naming j. On leaving the turbine, the vapour passes through the annular 
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space K around the turbine which houses a regenerator coil L and enters 
the condensing chamber M. Here it condenses on the surface of the boundary 
walls and drains to the lowest point at N. From here the liquid is drawn off 
by pump P, gear-driven from the airscrew shaft, and forced through the 
regenerator coil to absorb heat prior to recirculation. 

The heater is shown in more detail in Fig. 188 with connections for a twin- 
screw installation and a small supplementary turbo-generator set for auxiliary 
power. Outer and inner coils C and D are of seamless Monel metal tubing, 
and although only single coils are showii, multiple coils arranged in parallel 
may be employed. Heat is supplied by a fuel oil burner Q of conventional 
type, comprising an electric motor-driven oil pump and air blower and an oil 
throttle valve. The inner tube coil is wound on a core R of copper to prevent 
any part of the tube becoming overheated to a degree likely to endanger the 
chemical stability of the working medium. 

Return pumps P on the turbine units deliver the condensed liquid to a 
receiver S where it absorbs heat from the escaping flue gases. An electrically 
driven pump T, equipped with a pressure relief valve and by-pass circuit to 
maintain a constant pressure, draws the liquid from the receiver and delivers 
it through the outer coil C and then the inner coil D. The hot combustion 
gases from the burner travel in a counter-direction to the liquid, being directed 
by a baffle below the receiver and a cylindrical screen between inner and 
outer coils. Pump T raises the liquid to a pressure of, say, 800 Ib./sq. in., 
that is, above the critical pressure. Consequently, as it travels through 
the coils of the heater, it can pass from the liquid to the vapour state without 
boiling as soon as the critical temperature is reached. To maintain the 
outgoing vapour at a constant temperature, the valve regulating the supply 
of oil to the burner is automatically controlled by a thermostatic device 
comprising a bi-metallic strip U embedded in the copper core of the heater. 

Wing-mounted Turbine Unit 

A propulsion unit for wing installation is shown in Fig. 1 89. The turbine 
G is arranged above the airscrew shaft, which it drives through reduction 
gears H. Vapour from the common heater mounted in the fuselage reaches 



the turbine by pipe E through valve F, which is under the control of the 
operator for regulating the power output. After expansion through the 
turbine, the vapour enters the central chamber of the regenerator, reverses 
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direction into the annular chamber, and discharges into the condensing 
chamber M. The outlets from collecting sumps N, provided at the extremi- 
ties of the lateral extensions of chamber M, are controlled by valves V, 
which are each opened by a float rising on the condensed liquid. This arrange- 
ment ensures that only liquid is drawn off from the condensing chamber 
when the aircraft is being manoeuvred in flight. Pump P, driven from an 
extension of the airscrew shaft, passes the liquid successively through outer 
and inner coils, L and Lj, of the regenerator and delivers it by pipe A to the 
receiving tank of the heater unit. 

The operation of the system can best be understood by following the 
working medium around the complete circle in the specific example put 
forward by the sponsor of the scheme. Let us assume that F-11 is employed ; 
that liquid pressure in the heater is 800 Ib./sq. in. ; that heater temperature 
is slightly in excess of 371 deg. C. ; that the aircraft is travelling at a high 
altitude, and that the ambient temperature will ensure a condensing tem- 
perature of — 17.7 deg. C. References to temperature are given in deg. C., 
to pressure in Ib./sq. in. absolute, and to heat content in British Thermal 
Units. 

One pound of the F-11 liquid in the condenser, having a volume of 
0.0192 cu. ft., has temperature — 17.7, pressure 2.55, and heat content 7.9. 
Sump pump P raises the pressure of the liquid and delivers it to the regenerator 
where it absorbs heat and is then passed to the receiving tank of the heater 
at temperature 32.6, pressure 20, and heat content 26.4. Pump T then in- 
creases the pressure to 800 and, as a result of the work expended, the liquid 
enters the outer coil C of the heater at temperature 37.7, pressure 800, and 
heat content 28, an addition of 1.6 B.T.U. 

In the heater the liquid vaporises as the temperature reaches 197.7, 
the critical temperature, and it leaves the heater at temperature 376, pressure 
800, and heat content 183. After expansion through the turbine G the 
vapour has a volume of 18.5 cu. ft. and temperature 68.3, pressure 2.55, and 
heat content 112.5. Thus the thermal energy available for useful power at the 
shaft is 183 — 112.5 - 1.6 = 68.9 B.T.U. 

At the regenerator stage, as noted earlier, heat is given up to the con- 
densed liquid and the vapour reaches the condensing chamber M at temperature 
— 3.9, pressure 2.55, heat content 94. The thermal loss at condensation 
is 94 — 7.9 = 86.1 B.T.U. 

Theoretical Thermal Efficiency 

The heat balance may be struck as follows : The working medium 
receives 18.5 B.T.U. at the regenerator and 155 B.T.U. from the fuel con- 
sumed in the heater, making a total of 173.5 B.T.U. Expenditure of heat is 
68.9 B.T.U. at the turbine, 18.5 B.T.U. at the regenerator, and 86.1 B.T.U. 
at the condenser, totalling 173.5 B.T.U. The theoretical thermal efficiency 
is 68.9 155 — 44.4 per cent. This compares with a theoretical thermal 

efficiency of 41 per cent, for a steam plant expanding steam from 371 deg. C. 
and 800 lb. per sq. in. pressure down to 0.5 lb. per sq. in. pressure at a condens- 
ing temperature of about 27 deg. C. The reason why the F-11 fluid is 
potentially more efficient than steam is that it can utilise a lower condensing 
temperature. It follows that the efficiency of the system is enhanced by 
lowering the ambient temperature and, as it is substantially unaffected by 
altitude, it is well adapted for aircraft operation. 

Non-inflammability of the working medium must be credited as a 
factor improving safety in the air. The heater can be located in a relatively 
safe position in the fuselage, where it can be accessible to the crew and, if 
necessary, can be effectively protected by armour. Where a centralised 
heater is employed to supply several motive units, arrangements can be 
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made to isolate a damaged or defective unit without interrupting the opera- 
tion of the others. Apart from mechanical defects, failure due to rupture 
by gunfire can occur on the high or low pressure side of the turbine. In the 
high pressure distribution system, automatic shut-off valves W are provided 
for each line. These are normally held open by a spring against the throttling 
effect of the flow through the valve, but in the event of an abnormal pressure 
drop due to rupture the valve becomes unbalanced and seats, thus cutting 
out the defective unit. 

Should damage occur in the condensing system the effects will vary 
according to the prevailing condensing pressure. If below atmospheric 
pressure, air will enter the condensing chamber and efficiency will be de- 
creased, but the unit will not cease to function. On the other hand, if the 
pressure is above atmosphere a loss of working fluid will occur. Gauges on 
a control board will show the operator the condition of the condensing system 
of each motive unit and indicate whether a unit should be shut down or not. 
Another gauge shows the level of the liquid in the receiving tank of the 
heater, and will give indication of leakage in the pipe lines, pumps or con- 
densers. 

So far as is known the projects described in this chapter have not yet 
been developed to a practical stage for application to aircraft. At present 
the open cycle constant pressure gas turbine plant is attracting the most 
attention, with results which are now public knowledge. Other British. 
American and Continental concerns arc known to be investigating closed 
cycle systems for industrial applications. 
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STEAM TURBINES FOR JET OR AIRSCREW PROPULSION. 

B efore a satisfactory estimation of the possibility of employing steam for 
the propulsion of aircraft can be made, the inlierent requirements must be 
fully appreciated. Power plants should possess the following characteristics : 
(1) Low weight per unit power. (2) Compactness. (3) High thermal 
efficiency. (4) Reliability. (5) Flexibility. (6) Ease of maintenance. 
(7) Durability. (8) Good j)C‘rformance at high altitudes. 

The report on the investigation on steam propulsion for aircraft published 
by the American National Advisory Committee on Aeronautics concluded 
that “ on the basis of the weight of the power plant alone steam power plants 
for aircraft are precluded. On the basis of economy alone they are again 
precluded. On the basis of the resistance of the cooling surface required 
alone, they are precluded. On the basis of the sum of these three considera- 
tions they are absolutely impossible.” 

While this verdict, pronounced by such eminent experts, appears to 
wipe out any possibility of steam propulsion, it should not be taken as final. 
The trend of aircT.ift design which calls tor more powerful propulsion units 
may bring new opportunities for the employment of steam. Large flying 
boats, some recently designed and some already under construction, 
necessitate plants which in power output and size surpass everything 
hitherto known. The Short Shetland, Britain’s largest flying boat has an 
all-up weight of 58 tons. The American Martin “ Mars,” the French 
Potez-SCAN 161 and the Latecoere 631 are in the region of 70 to 100 
tons. The Breguet Company is reported to be engaged on projects of flying 
boats of a weight of 75 to 250 tons. Six gas turbines driving eontra-rotating 
airscrews have been selected to power the 120-ton Saro S.45 flying boat 
which will measure 220 feet in span and have a pressurised hull. At a 
cruising speed of 300 m.p.h., or higher, the still-air range will be 5,000 miles. 
Such large size aircraft may permit the employment of steam propulsion if 
improvements can be made and existing drawbacks abolished. 

In the view of different experts a successful development of steam 
propulsion will embody the following features : The unit weight of steam 
plants will have to be considerably reduced. This is possible if the durability 
of the steam plant is reduced to that of internal combustion aircraft engines. 
With two-stage turbines it will be possible to make use of the entire available 
gradient between the working pressure of 100-200 atmospheres and the 
exhaust back pressure of 0.4 atmospheres. A low specific fuel consumption, 
already 170 g./h .p./hr. in mercury- vapour plants, is essential. 

Such improvements already challenge diesel installations. Whilst 
the flexibility of steam power plants is as yet far behind that of internal 
combustion engines, further progress in this direction is possible. Moreover, 
since they may be mainly destined for larger types of aircraft, it is not 
necessary to achieve that high flexibility which is required for fighter aircraft. 

The necessity of regulation and maintaining a substantial power output 
at any altitude is evident. A suggestion to supercharge the boiler as a whole 
and, similar to the practice adopted for supercharged internal combustion 
engines, expand the combustion gases issuing from the boiler in an exhaust 
turbine, thus recovering the power required to operate the boiler-super- 
charging blower, appears to go a long way towards improvement. Air 
heaters utilising the waste heat can also be coupled in series behind the 
boiler, and their exhaust further used in reaction nozzles to produce supple- 
mentary thrust (Knoernschild). 

9102 
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Finally, there is the problem of space occupied. This is of importance 
not only from the weight aspect but also because compactness is an essential 
factor in aircraft design. Here the main problem of a suitable condenser 
so designed and placed as to produce a minimum of drag is urgent. While 
American experiments tried to solve it by a “ wing radiator ” it was suggested 
(Meredith) that completely enclosed condensers with forced draught are 
preferable. It was further suggested that in such arrangement and with 
suitably adapted cooling-air intake and discharge orifices, a portion of the 
condenser heat could be utilised to produqe an auxiliary propulsive thrust. 

In April, 1942, it was reported that the Breguet Aircraft Works at 
Toulouse liad designs for a jet-propelled machine to the designs of R. Leduc. 
This French engineer is well known for his work in connection with the 
problem of jet propulsion. According to Inter Avia, the projected type was 
basically similar in principle to the Caproni-Campini machine, but with one 
important exception. A^ereas the Italian craft used a standard type of 
air-cooled radial engine to drive the air compressor unit, Leduc employed a 
steam turbine for this purpose. Running at 3,000 r.p.m. under a steam 
pressure of 1,910 lb. per sq. in., the turbine \\as estimated to develop 
1,200 h.p. The speed of the machine uas estimated to be in excess of 310 
miles an hour. 

Experiments, presumably on the test bed, vere claimed to have given 
satisfactory results. No details are yet available, however, of either the 
boiler or the necessary condenser plant. Condensing raises further problems 
which are not easy of solution in an aircraft installation. The condenser 
would most likely be placed in the main air stream so that heat transferred 
from the steam would be usefully absorbed for the propulsive jet. The 
development of a jet-propelled aircraft employing such a system will be 
watched with intense interest by designers throughout the world. 

According to present-day standards it would not seem possible for the 



Fig. 190. The Great Lakes Aircraft Corp. steam plant with wing-mounted turbine 

and condenser. 
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rate of fuel consumption to be as low as that of an internal combustion engine. 

Leduc’s earlier designs, referred to in Chapter III, were of the compressor- 
less type in which a divergent duct was employed to raise the pressure of the 
“ relative wind ” admitted when the machine was in motion. Fuel was 
introduced through a comparatively large number of nozzles disposed across 
the main stream, as shown in Fig. JIO. Combustion of the fuel would therefore 
be relatively inefficient owing to the low degree of compression attainable, 
and consumption might be expected to be inordinately high. It was suggested 
that such compressorless schemes, whilst ingenious, present praetieal diffi- 
culties, and that some form of mechanically driven compressor would seem 
to be essential. The latest project of M. Leduc appears to confirm this view. 

Great Lakes 2,300 h.p. Plant 

The Great Lakes Aircraft Corporation of America collaborated with the 
General Electric Company in the design of steam-propulsion plants 
Intended for installation in large flying boats. The result of this development 
was a steam power unit of 2,300 h.p, with a La Mont type steam generator. 
Fig. 19f). The main components of the generator were: An air pre-heater, 
a blower to assist the action of the relative wind, a super-heater, an oil burner, 
and an exhaust manifold. Wet and superheated steam was carried in alloy 
steel pipes lining the walls of the generator, arranged axially and forming 
together a cylindrical casing. Pipes for oil and water were in light alloy. 

The boiler was started electrically and produced a maximum of 9.6 tons 
steam per hour at a temperature of 540 deg. C. and a pressure of 70 atm. 
The blower for the initial combustion air was driven by means of electric 
motors fed from a storage battery. 

The operational altitude of this power plant was 1.5 km. and the specific 
fuel consumption was reported to be 270 gr./h.p. showing a thermal efficiency 
of 23 per cent. 

Turbine and Rotating Boiler 

Some time in 1938 Aero Turbines, Ltd., a London firm, demonstrated 
a prime mover, somewhat resembling the German Huttner turbine, in which 
the rotary generator, turbine, condenser and starting mechanism were com- 
bined in a single unit. Fig. 1 91 . The general principle is simple enough : it 
includes a boiler of the rotary type, with U-tubes having their open ends 
connected respectively with the water pump and the steam passage to the 
turbine. The turbine wheel is within the same casing and, when the unit 
has been initially rotated by a small electric starting motor and has generated 
a certain amount of steam, is self-driven by the reaction of the steam jets. 
Boiler and turbine wheel rotate in opposite directions. 

Fuel oils of a wide range can be used, and a combustible mixture of 
fuel and air is passed through a series of holes in an annular mixing chamber 
into the combustion chamber, where it is ignited by an electric plug. A 
small rotary pump feeds the water to the boiler. 

In tests demonstrating the efficiency of the power plant, cold water 
was fed to the boiler and in about 65 seconds the steam gauge indicated a 
pressure of 25 Ib./sq. in. The fuel was turned off and cold water was fed to 
the boiler with no disastrous results. Then the fuel was turned on and the 
boiler started again. This particular plant, it might be mentioned, was 
capable of an output of approximately 30 h.p. 

According to the constructor’s report the rotary boiler can be used as 
a condenser. During the development period a boiler was run at various 
speeds up to a peripheral speed of 830 ft./sec. and provided pressures up to 
a maximum of 150 atmospheres. The maximum heat transmission capacity 
at maximum velocity was 553,000 B.Th.U./sq.ft./hr. Wlien the same unit 
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was run as a condenser at the same maximum speed, the maximum heat 
transmission was found to be 203,000 B.Th.U./sq.ft./hr. In a 2,000 h.p. 
unit the turbine is run at about 10,000 r.p.m. and the boiler at approxi- 
mately half that speed. Fuel consumption is 0.35 Ib./b.h.p./hr. and the 
unit weight 2 Ib./h.p., according to this report. 

Auxiliary Turbines 
Four different arrange- 
ments of power units arc 
disclosed in an American 
patent in the names of Igor I. 
Sikorsky, M. E. Gluhareff and 
R. W. Griswold and assigned 
to the United Aircraft Cor- 
poration. The declared objects 
are to conserve engine power 
by the utilisation of waste 
heat, to improve engine cool- 
ing, and to enhance the aero- 
dynamic characteristics of the 
wing section. Fig. 102 shows 
a typical layout, while other 
arrangements include a similar 
scheme for a V-tjrpe, liquid- 
cooled engine, a method of 
returning the power generated 
by the waste heat to the main 
engine, and the use of the 
auxiliary power to drive an 
electric generator for cabin 
heating. 

A normal radial engine A, 
driving an airscrew, is en- 
closed in a cowling and the 
cooling air is drawn in by way 
of the central forward aperture 
by the suction of blower B. 
The air passes between the 
cylinders to remove excess 
heat, and is led into a chamber 
C formed by the leading-edge 
of the wing. Hence it may 
be passed along the leading- 
edge to prevent ice formation. 

The blower is driven by 
means of an exhaust gas tur- 
bine D and a steam turbine E 
operating on a common shaft. 
The gas turbine is connected 
directly to the exhaust conduit 
of the engine, whilst the steam 
turbine is driven by steam 
supplied from a boiler F 
heated by the efflux of the gas 
turbine. Steam leaving the 
turbine is passed through a condenser G and the condensed fluid is returned 
by pump H to a storage tank or directly to the boiler, as shown. 



A Ignition plug 
B Insulating wall 
C. Atomiser 
D Path of flame 
E Path of steam. 

F Centrifugal pump 
G. Reaction disc. 

H Water inlet. 

J. Radial water conduits 

K. Annular feed chamber, U-tubes and nozzle 
ring integral with reaction disc 

L. Turbine rotor 

M. Exhaust steam to condenser. 

N. Combustion effluent 

Fig. 191. Part-sectioned drawing of the counter- 
rotating steam generator and turbine unit 
developed by Aero Turbines, Ltd. 
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From the leading-edge chamber tlie blower delivers the air to a mid-wing 
chamber J, where it is forced through the condenser into an internal duct K. 
This communicates with a spanwise slot L located to the rear of the upper 
surface of the wing. 

It is claimed that such an arrangement converts practically all the heat 
of the exhaust gas into mechanical energy which is utilised for cooling the 
engine and increasing the aerodynamic elhciency of the wing. A jet of air 



D. Exhaust gas turbine. H. Water pump. 

Fig. 192. in this Sikorsky design a normal radial engine and airscrew is used. A 
blower driven by gas and steam turbines assists engine cooling, warms the 
wing leading-edge and furnishes a jet of air to improve the aero-dynamic 
characteristics of the wing. 

forced at high velocity from the rearwardly directed spanwise slot adds its 
energy to the air flowing along the rear portion of the upper wing surface. 

By raising the velocity of the airflow along the upper surface, the area 
of diminished pressure may be increased, and any tendency of the airflow 
to break away from the surface near tlie trailing-edge may be materially 
delayed. The proportion of the potential energy of the fuel supplied to the 
engine which is converted into useful work may, it is suggested, be greatly 
increased, thus permitting an improvement in the ratio of the size and weight 
of the power plant to the speed and load-carrying capacity of the aircraft. 

Late in the war interc'st in the steam turbine for aircraft was revived in 
Germany and designs were started for a plant with a weight/power ratio of 
1..5 Ib./h.p. to develop about 0,000 h.p. at 0,000 r.]).m. An Me 20 1 or lie 177 
airframe was to be used for an ex])erimcntal installation. The main com- 
ponents, which could be distributed according to the layout of the aircraft 
structure, were four capillary tube boilers measuring 3 ft. diameter and 4 ft. 
high, boiler feed water pump with auxiliary turbine, main turbine, com- 
bustion air draught fan and condenser. Liquid fuel or a mixture of 
pulverised coal and petrol could be used. 



CHAPTER XVIII 


GUIDED MISSILES AND FLYING BOMBS : FURTHER 
APPLICATIONS OF JET PROPULSION 

O UTSTANDING among the technical innovations of the war were various 
jet-propelled missiles for long-range “ area ” bombardment and ground- 
to-air, air-to-ground, and air-to-air employifient. The first category embraced 
the two German reprisal weapons (V-1 flying bomb and V-2 rocket), and 
certain later American developments, one of which was a reproduction of V-l 
(retaining tlie impulse duet engine so characteristic of that weapon) while 
another used a small expendable turbine-jet. 

Ground-to-air rocket weapons of an elementary type have figured in the 
A.A. armoury for some years but bear little relationship to the elaborate 
defensive missiles dcN'cloped in Germany, l^ropelled by liquid rockets, 
usually of Walter or H.M.W. design, these were to be guided or homed on 
their target. Examples were Wosserfall and SchmeUerling, Feucrlilic and 
lihdntochter, }Yasserf(tll — called “ Baby V-2 — was over 20 feet long and had 
radio control. 



Air-to-ground and air-to-ship rocket projectiles were not restricted to 
the small solid-])ropellant R/Ps used for some years by British fighters 
but inehided heavy weapons like the (ierman Hs 293 and larger missiles of 
similar type developed in the t^.S.A. Liquid-rocket power plants were 
normal for this class of wca])on. The air-to-air variety, likewise utilizing a 
liquid rocket, is exemplified by the IIs 298 and X.4 designs. 

The Ei 103 flying bomb, commonly called V-l , utilized an impulse duct 
engine, the principle of wdiieh is explained in Chapter 1 and is illustrated in 
Fig. 194. The flying bomb wtis 25 ft. long and had a span of 17.7ft. and an 
area of 51 sq. ft. The all-up weight was 4,740 lb. and at the top speed of 
about 300 m.p.h. the engine gave a thrust of 000 lb. A ton of high explosive 
was carried in the nose of the fuselage. 

Interesting and ingenious as it was, by comparison wdth V-2, the flying 
bomb was crude. Unquestionably one of the great technical achievements 
of the war, V-2 (ofheially known as A-4) was 40ft. long and 5ft. Oin. in 
diameter. Four large stabilizing fins were fitted and the missile, fuelled 
ready for launching, weighed about 12 tons. The fuels — ethyl alcohol and 
liquid oxygen — were carried in two tanks amidships and were delivered by 

^7 



208 


GAS rUilBINFS AND JLT PROPUI SION 



GUIDED MISSILES 


209 


turbine-driven centrifugal pumps using steam produced in a generator by 
concentrated hydrogen peroxide and calcium permanganate. The thrust 
of 26 tons was used to launch the projectile vertically and a maximum velocity 
of 3,000 m.p.h. was attained during its ascent to some 58 miles. 

The modern war rocket, exemplified by V-2, is undeniably a German 
achievement, but various countries have proposed even more intricate and 
accurate supersonic weapons. The development of long-range rockets had 
reached an advanced stage at the termination of the war. There was a 
German proposal for the delivery of mails^over the Atlantic by a long-range 
pilotless rocket-propelled craft. 

Proposal for a * * Combined ’ ' Missile 

In Octolier, 1943, nearly a year before the V-weapons became a menace, 
the author submitted to the Dept, of Scientific Research plans for a long- 





SF i. CJ UM 




Fig. 195. A proposal submitted by the author to the Director of Scientific Research 
in October, 1943, for a long-range weapon utilizing both rocket and athodyd 
principles of propulsion. The original specification is quoted in the text. 

range missile, utilizing both rocket and athodyd principles, for the bombard- 
ment of (iermany from England. Ilis original specification, see Fig. 195 for 
references, read as follows : 

(1) Launched from huge rocket gun. 

(2) Self-contained rocket propulsion for launch and climb (stage 1) ; 
Jet propulsion (no engines) for range at determined altitudes 
(stage 2). 

(3) Plurality of rockets arranged around jet nozzle at tail and fired in 
grouped series for stage 1. 

(4) Propulsion for stage 2 is by jet rejxction. At supersonic speeds air 
enters annular inlet duct and is compressed in a divergent nozzle 
(see section). Fuel is introduced through a plurality of burners 
ignited electrically and the combustion with the oxygen in the 
compressed air raises temperature and pressure to produce the 
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propulsive jet (Leduc principle, which is briefly described and 
illustrated in Gas Turbines and Jet Propulsion for Aircraft) The 
discharging air/gas stream may be utilized to induce additional 
air to increase the weight of the propulsive stream (see thrust 
augmenters M61ot principle in book referred to.) Ducts shown in 
outer casing inclined rearwardly to prevent formation of boundary 
layer. 

(5) Stabilizing fins on tail. Automatic pilot or wireless control. 

(fi) Range governed by ratio of fuel to explosive load, say 500 miles. 

(7) Proposal is for projectile weighing many tons. 

(8) Explosive carried in front section and kept cool. Nose becomes 
relatively heavy when fuel exhausted. 

(9) Similar projectile could also be launched from a suitable aircraft 
in flight. 

(10) The jet propulsion equipment need not necessarily be arranged on 
the axis. An alternative scheme would be to have a single axial 
rocket nozzle. In this case multiple thermal jet nozzles could be 
arranged parallel to the axis and concentric therewith, without ill 
effect on direction as all would operate at a common pressure. 

The note and drawing arc reproduced merely to show the trend of 
tliought regarding flying missiles at that time. Immense practical problems 
were of course involved. During the stress of our prodigious wartime pro- 
duction effort the necessary time and skill for development could not be 
made available. Since the termination of hostilities, however, some work 
on rocket and at hod yd missiles has been undertaken. 

In tests conducted by the V,S, Navy Department in 1946, experimental 
models of ram-jet missiles weighing about 70 lb. have been successfully 
d(*monst rated. On attaining adequate flying speed, after an assisted launch 
from a ramp, air is rammed into tlie thermal duct, fuel is injected and burnt 
and the reaction to the resulting jet accelerates the missile. 

The principle is regarded as ‘‘ a means of propulsion for fliglit at super- 
sonic velocities up to about 1,500 miles per hour.” 



CHAPTER XIX. 


OFFICIAL ADOPTION OF JET-PROPELLED AIRCRAFT 
CAREERS OF WHITTLE, CARTER AND WILSON 


EVOLUTION OF TURBINE JET PROPULSION 


1930. — Frank Whittle took out his first patent 
applying the gas turbine to jet propulsion. 

1933. — Whittle started practical development 
work on improved jet power units in 
Great Britain. 

l937._April. First Whittle-designed B.T.H. 
turbine compressor ran successfully on 
test bed. 

1939. — Air Ministry placed first order for a jet- 
propelled aircraft with the Gloster 
Aircraft Co. Ltd. The turbines were 
built by B.T.H. to the order of Power 
jets Ltd. 

1941. — May. First successful flight in England of 
Gloster jet-propelled aircraft. Continu- 
ous tests and experiments carried on. 

1941. — july. Full information disclosed to 
General Arnold, U.S. Army Air Force. 
He asked for the engine to be sent to 
America, and this was delivered to 
General Electric Co. in September, 1941. 


1941. — Bell Aircraft Co. given an order to build 

an aircraft suitable to take two Whittle 
jet units. 

1942. — October 1st. Maiden flight of the 

first experimental aircraft in U.S.A. 
using G.E.C.-Whittle jet units. U.S.A. 
allot a number of jet engines to the 
U.S. Navy for trials and experiment. 
1944. — January 7th. Official joint release of 
news by the Air Ministry and Ministry 
of Aircraft Production and the U.S. 
Army Air Forces. 

1944. — Summer. Gloster Meteor jet-pro- 
pelled fighters in action against V.| 
flying bombs. German jet-propelled 
fighters appeared. 

1945 — November?. Gloster Meteor “Britan- 
nia,” pilot Grp. Capt. H. j. Wilson, 
World’s Speed Record at Herne Bay. 
Average 606 m.p.h. 


T he odicial announcement that British jet-propelled aircraft liad successfully 
passed experimental tests was made on 7th January, 1944. It was 
disclosed in a joint R.A.F. — U.S. Army Air Force statement that both 
Britain and America had production of these aircraft in hand. Obviously 
in so radical a break from the orthodox engine/airscrew combination, a great 
deal of prior development work had to take place, and progress has been 
very considerable since Air Comdre. Frank Whittle, R.A.F., first started 
work on gas turbine-jet propulsion units about 1929. His patent of 1930 
was the first to propose the application of the gas turbine to jet propulsion. 

Whittle’s engine first ran successfully in April, 1937. It was built by 
the B.T.H. Co. to the order of Power Jets, Ltd., to which company the 
services of (iroup Captain Whittle were loaned by the R.A.F. 

In 1939 the Air Ministry placed the initial orders with the Gloster 
Aircraft Co., Ltd., for aircraft employing power units of this type, 
and the machine was designed by W. G. Carter, M.B.K., chief designer to 
the company. The first successful flight was made in May, 1941, by the 
late Flight Lieutenant P. E. G. Sayer, R.A.F., chief test pilot of the Gloster 
Aircraft Co., who was later killed whilst flying an orthodox aircraft. 

After the new aircraft had successfully passed its flight trials, full 
information was given in July, 1941, to General H. H. Arnold, Commanding 
the U.S.A.A.F., who, like the British Air Ministry, had the foresight to 
appreciate at once the general possibilities of the new form of propulsion. 
At his request, the power unit first flown was despatched to the General 
Electric Company (of New York) in September, 1941, and fitted to an 
American aircraft — another notable example of “ Lease-Lend ” in reverse ! 
As a result of close co-operation between the British and American 
authorities, a number of jet-reaction units were built in the United States. 
It is a tribute to the soundness of the British design and the American 
production methods that the first of the new power units was ready for test 
in less than six months. At the same time the Bell Aircraft Corporation 
was given an order to build an aircraft suitable for employing two of the 
new power units, and the maiden flight in the United States was made 
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within twelve months — October 1st, 1942 — Robert M. Stanley, Bell chief 
test pilot, being at the controls. Since these events, many hundreds of 
successful flights have been carried out by British and American pilots. 

The importance attached to the new method of propulsion may be 
gauged by the oilicial measures taken to facilitate development of power 
units and aircraft. In April 1944, Sir Stafford Cripps, then Minister of 
Aircraft Production, announced that the Government had acquired Power 
Jets, Ltd., the j)ionecr company handling the Whittle projects, to ensure 
concentration and co-ordination of research and experiment. With official 
enterprise of this cliaraeter it may confidently be expected that the splendid 
Biitish lead in this field will be maintained. 

On August 28th, 1941, with the full agreement of Lord Brabazon, who 
was then Minister of Aircraft Production, the writer commenced the publica- 
tion of a series of articles in Flight reviewing world-wide activities in con- 
nection with the jet propulsion of aircraft. These descriptive articles, written 
m the simplest practical terminology and accompanied by explanatory 
illustrations, aroused such a wide interest in the subject that it immediately 
became necessary to rc-publish the whole series, with additional matter 
and comment, in book form. 

A cardinal point which, understandably, could not be publicised at that 
time, was that this country was ahead of all others. For considerations of 
security, no mention could be made that any work at all was being done 
towards the actual production of jet-propelled aircraft in British factories. 
However, there can be no doubt that the readers of Flight, and also of the 
earlier editions of this book, had the advantage of being relatively well- 
informed on the subject of gas lurbmes and jet propulsion for aircraft long 
before the significance of tlie new developments was generally appreciated. 

A British Genius 

This new era in the annals of flight has been made a practicable possibility 
by the genius and unswerving perseverance of one man, Frank Whittle. 
Born on 1st June, 1907, at Coventry, and educated at Leamington College, 

he left in 1923 to become a Royal Air 
Force apprentice in No. 4 Appren- 
tices Wing, Cranwell. During his ap- 
prenticeship, he was trained for the 
trade of fitter-rigger, and spent all 
his spare time in making and flying 
a number of remarkable model air- 
craft. lie also assisted Flight 
Lieutenant Comper in the design of 
the Cranwell Light Aircraft. Whittle 
was awarded a Cadetship on passing 
out as a Leading Aircraftman — one 
of six out of about 600. In 1926 
he entered the R.A.F. College, 
Cranwell, as a Flight Cadet and was 
trained as a pilot in addition to 
taking practical and scholastic sub- 
jects, and, on passing out in 1928, 
was awarded the Abdy-Gerrard- 
Fellowes Memorial Prize for aero- 
nautical sciences. 

The next 15 months were spent 
as a Pilot Officer of No. Ill Fighter 
Squadron, at the end of which he 
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qualified as a flying instructor at the Central Flying School, Wittering, 
later going to No. 2 Flying Training School, Digby. It was whilst here 
that Whittle, now promoted to Flying Offleer, gave, with the late 
Flying Offieer G. E. Campbell, one of the most thrilling exhibitions of 
crazy-flying seen at the R.A.F. Display, Hendon. For 18 months, 
1931-1932, lie was engaged in experimental flight testing of float-planes 
at Felixstowe, and it has been said with authority that Whittle, during 
this period, did dangerous and valuable experimental flying in relation to 
catapulting and “ ditching ” which has never been given the prominence 
it deserved, being perhaps over-shadowed by his more academic achieve- 
ments. 

After Felixstowe, Whittle went to Henlow on the OfTicers’ Engineering 
Course, 1932—3, serving 6 months as oflicer-in-charge test benches, engine 
repair section. In January, 1934, he was promoted to Flight Lieutenant, 
and was elected an Associate Fellow of the Iloyal Aeronautical Society. 
The R.A.F. had ceased to send oflicers to Cambridge University, but owing 
to record results, an exception was made in this case, and Flight Lieutenant 
Whittle entered Peterhouse in 1934. In 193() he graduated as a Bachelor 
of Arts, obtaining First Class Honours in the Mechanical Sciences Tripos, 
and was made a Senior Scholar of Peterhouse. He spent a further year at 
Cambridge on post-graduate research ■work, during which he was associated 
with Professor Sir Melvill Jones. Work was continued on the Whittle 
turbine-compressor at both Cambridge and Rugby. He became a S(|uadron 
Leader in December, 1937, and was placed on the Special Duty List for work 
on his engine, becoming a Wmg Commander in June, 1940, Gioiip (ajitain 
on July 1st, 1943, and Air Coindre. the following \ear. 

During 1943 Air Corndre. Whittle spent three months at the IL \.F. Staff 
College, and was then re-posted to the Special Duty List foi woik on the 
Whittle engine. 

Designer of the Gloster Aircraft 

The designer of the first aircraft to 
employ the Whittle jet-reaction power unit, 

W. G. Carter, M.B.E., was originally chief 
draughtsman to the old Sopwith ('onipany, 
and it was he who prepared the produc- 
tion drawings of all the Sopwith war-time 
aircraft. On the formation of the Hawker 
Company he eventually became Chief 
Designer, responsible for the Woodcock, 

Horsley, Heron, Cygnet and other aircraft. 

He was later Chief Designer to the 
joint Short- White Smith effort with the 
Crusader, which came to an untimely end 
during the Schneider Cup races at Venice 
in 1927, owing to an incorrectly assembled 
control. 

Carter then joined the de Havilland 
Company, but later left to re-join the 
Gloster Aircraft Company branch of the 
Hawker-Siddeley organisation in the 
capacity of Chief Designer. 

From the outset, Carter had great 
faith in the jet project, and the collaboration between him and Air 
Corndre. Whittle in the creation of a successful aircraft to utilise the 
revolutionary means of propulsion, unquestionably added in great measure 
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to the supreme position Great Britain holds in this field of aviation. His 
work on nine jet-propelled types is being effeetively continued. 

Carter's crowning achievement is the design and development of the 
Meteor IV which, on November 7th, 1945, flown by Grp. Capt. H. J. Wilson, 
averaged 006 m.p.h. in four runs over a course near Herne Bay. The fastest 
run was at Oil m.p.h. This feat was the more remarkable because the Meteor 
was not originally designed for flying at very high Mach numbers. Mr. Carter 
has established a unique reputation as designer of high-speca fighters. 

Hig^h-Speed Pilots 

Grp. Capt. Hugh Joseph Wilson, A.F.C. and two Bars, apart from his 
association >\ith the world's speed record, has figured prominently in the 
development of high-speed aircraft. During the Battle of Britain he was 
charged w ith research into the performance of the Sj)itfire, and for this purpose 
was operationally attached to No. 74 (Trinidad) Squadron. Later, as jet 
pro})ulsion de\ eloped, he became the first H.A.K. ]>ilot to handle jet aircraft 
and it was he who trained all the pilots of the first Sejuadron to be equipped 
wdth Meteors. By coincidence this Scpiadron— 010 (South Yorkshire 
Auxiliary) went into action against (German thing bombs from Manston 
Airfield, the base used for the speed record flights. 



Grp. Capt H. J. Wilson, A.F.C., R.A.F. Mr. Eric S. Greenwood 

(irj). Cajif. ^VilsoI^s tliree decorations for test fhing were all announced 
during the wai . He was boin on May 28th, 1908 and began his ser\iee career 
ill 1929, when he took a Short Ser\ice Coiiiiuission. While engaged on testing 
and research fl\ ing he piloted 200 different t\pes of aircraft, including captured 
(ierman machines, lie has held the posts of Chief lest Pilot at the Royal 
Aircraft Establishment, Farnborough, and of commanding officer of the 
Empire Test Pilots' Scliool at Boseombe and has flown o\er 4,000 hours. 
Twice during the war his duties took him to the V.S.A. ; he was at Wright 
Field in 19415. 

Two Meteors essa>ed record figures, the Biitannia piloted by Grp. Capt. 
Wilson, being fractionally faster. I'he second pilot, Eric Stanley Greemvood, 
who averaged 000 m.p.h. over the sjieed record course, served in the R.A.F. 
from 1928 to 1900. He \>as test pilot for Sir W. (i. Armstrong- Whitwwth 
Aircraft, Ltd., from 1900 to 1941, and for Air Service Training from 1941 to 
1914. On joining the Ciloster Aircraft Co., Ltd., as ('hief Test Pilot in June, 
1944, lie undertook development flying on the Meteor. 



CHAPTER XX. 


BROADCASTING THE NEWS 

NON-TECHNICAL DESCRIPTIONS AND OBSERVATIONS 
IN RADIO TALKS. 

X Y 7HEN the first official announcement regarding jet-propelled aircraft was 
W made on January 7th, 1944, the Canadian Broadcasting Corporation 
and the British Broadcasting Corporation invited the author to give talks 
over the radio from London, on what jet propulsion meant and its implications. 
The broadcast over the Canadian network was made at 6.15 p.m. on the 
same day, and a longer talk followed a few days later on the B.B.C. Overseas 
and Home programmes. In further broadcast talks given by the author on 
March 28th, 1944, and subsequently during a visit to America, the subject 
was dealt with on a somewhat wider basis. 

The talks were couched in non-technical language, and accordingly 
abstracts from some of the scripts of these broadcasts are appended in order 
to assist in clarifying points upon which the student of jet reaction propulsion 
may be in doubt. 

An * ' Epoch-making Invention ’ ’ 

“ That Group Captain Wliittle’s invention is epoch-making there is 
no doubt. To state that the basic idea is not new in no way detracts from 
its importance and value. The principle of employing the reaction of a 
fluid jet for propulsion was known to Sir Isaac Newton, the famous British 
astronomer, as far back as 1680. In the last 35 years a great variety of 
schemes for propelling aircraft by jet reaction liave been devised in various 
countries. Italy produced and publicly flew such a machine in 1940. I had 
long noted these developments, first with interest and then witli enthusiasm, 
and began to make a close study of the subject. 

“ Group Captain Whittle has worked in secrecy for years without 
receiving the public tribute he deserves. During his early efforts Wliittlc 
could command but little support or encouragement, and doubtless suffered 
from the counter pressure of the apostles of orthodoxy. To his great credit, 
he recognised that a new method of propulsion was necessary and then 
proceeded to develop a practical solution of the problem . . . 

“ Don’t imagine for a moment that I think the ordinary four-stroke 
reciprocating engine — of the type you have in your motor-car — will entirely 
give place to the combustion turbine. The present-day aircraft engine is a 
marvellously efficient piece of mechanism, and in many applications will not 
be superseded. The men who overcame the reciprocating engine problems 
will be the men to tackle the development and production problems of the 
new rotary units. 

Jets and Rockets 

“ Wliat, precisely, is this propulsion, you may ask. Well, first of all let me 
tell you what it is noL It is not rocket propulsion. It is necessary to be 
quite clear on this point. Certainly the rocket propels itself by the reaction 
of a rearwardly ejected stream of hot gases, but these gases are produced from 
a chemical fuel which embodies all the oxygen required for combustion. 
Now in turbine-jet propelled aircraft, the combustion of a liquid fuel is effected 
with oxygen drawn from the air. Indeed, efficient operation is dependent 
upon a high mass flow of air, which is collected through the nose of the 
fuselage, or by forward-facing orifices or scoops in front of the engine com- 
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partment. Stratosphere flight is now well within the bounds of possibility 
with, of course, pressurised cabins for the passengers, and the speed of such 
aircraft can be extremely high. Turbine propulsion units can be arranged 
to provide a large measure of automatic compensation for variation in baro- 
metric pressure and are thus particularly suitable for aircraft operating at 
high altitudes. But since thermal jet propulsion craft are not independent 
of atmosphere, and therefore could not fly through inter-stellar space, they 
must never be confused with fanciful machines for trips to the moon. 

The Reaction Principle 

“You may wonder why the term ‘ jet reaction ’ is used rather than merely 
‘jet.’ A fundamental law of the science of mechanics is ‘Action and reaction 
are equal in magnitude and opposite in direction.’ When you push a wheel- 
barrow you do not notice the ‘ equal and opposite ’ force being exerted until 
your feet lose their frictional grip on the ground. Then it becomes immediately 
evident. The reaction of a jet of water in an ordinary whirling garden 
spray is quite familiar to all. The high pressure jets of modem fire fighting 
equipment often cannot be held and controlled by a single fireman. 
Perhaps the simplest illustration is afforded by the sausage-shaped carni- 
val balloon. If you release the nozzle, the air or gas escapes as a jet and 
the balloon rushes away from you. 

“ Let’s see how this principle is applied on an aircraft. Imagine a large 
tubular casing, open at each end and extending the length of the aircraft 
fuselage. Inside are the two main components, firstly the air compressor 
or blower, and secondly the combustion gas turbine, both coupled together 



Fig. 197. The original Gloster E28/39 fitted with a Whittle turbine-jet made by 
the B.T.H. Co., of Rugby. 

and rotating on a common shaft. Now think of the tube again. Air enters 
the front end and is expelled from the tail at very high velocity in the following 
cycle of operations. The rotary air compressor takes in the air, and delivers 
It at a higher pressure to a part of the tube which serves as a combustion 
chamber. Liquid fuel is continuously sprayed into the combustion chamber 
and continuously mixed and burned with some of the air. From the com- 
bustion chamber this burning mixture of air and combustion gases, at 
relatively high pressure, passes to the turbine entrance. The excess air is 
added to the gas to lower the temperature sufficiently to prevent damage 
to the turbine blades. In forcing its way through the turbine the gas/air 
mixture creates mechanical energy in rotating the turbine wheel and this 
energy performs the work of driving the air compressor to supply more 
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air to maintain combustion. The stream of burnt gases from tlie turbine 
issues from the tail nozzle as a high-velocity jet, the reaction of which 
propels the aircraft. By ‘ high velocity ’ is meant in excess of the speed 
of sound or 740 miles per hour. Of course, the velocity can be varied. . . 

Performance of Jet Aircraft 

“ Do the pilots like jet-propelled machines ? Most decidedly. Highly 
experienced and highly critical test pilots say they are easily flown, very 
responsive to controls, and the high speed rotary power units are so smooth 
and vibrationless in operation that tliey prefer them to orthodox types. As 
to performance, one may not divulge exact figures but, in my opinion, speeds 
in the region of 500 to 600 m.p.h. may in due time become commonplace. 

“ Let me run over some of the advantages of jet propulsion. So-called 
‘ safety ’ fuels can be employed without loss of efficiency. Also, there is no 
complicated supercharger, with change gears, clutches and boost-control. 
Only a simple fuel injection system is required. There are fewer auxiliary 
components. Controls and instruments for the pilot are minimised. 
Boundary layer air flow may be turned to useful aecount for the air intake, 
and drag thereby reduced. Again, rotary components enable higher operating 
speeds to be employed with a reduction of size and weight as compared with 
reciprocating engines. Vibration is reduced. And need I remind you that 
the airscrew is eliminated, saving further weight, reducing complication and 
simplifying control. 

“ And now you may ask, have jet propulsion units a useful application 
in peace time ? Certainly. I venture to predict that the advent of this 
successful British gas turbine will revolutionise aireraft design. Turbines 
would be most desirable for high speed, high altitude passenger aircraft 
and for the huge transport planes now being planned. Gas turbines ha\e 
other uses apart from aircraft. 

“ Thus you will appreciate the Coventry engineer, Frank Whittle, has 
turned a page in the history of the conquest of tlie air and added one more 
triumph to the annals of British engineering.” 

Other Aspects of Jet Propulsion 

The text of a third broadcast is appended : 

** In January the whole world was interested to hear for the first time 
that British jet-propelled aireraft had passed the experimental stage. Since 
then many people have seen — and lieard ! these new planes flying about this 
country. Even technicians unconnected with aeronautical engineering had 
not anticipated a new form of power unit which could challenge the highly 
successful engines that propel our aircraft, cars and lorries. By years 
of development the reciprocating engine — that is to say the ordinary arrange- 
ment of cylinder, piston, connecting rod and crankshaft — has become so 
perfect that a challenge from an entirely different quarter seemed unthinkable. 
It was as fantastic to many people as the possibility of an aircraft flying 
without an airscrew. All the publicity that has now been given to jet 
propulsion has, in my opinion, given rise to the impression that the new 
power unit will be used solely for this purpose. That certainly is its immediate 
importance, but actually the gas turbine has a much wider significance. 
And it is about the gas turbine that I want to talk. 

“ The outstanding feature of this remarkable British development is the 
practical realisation of a small, light, rotary engine of enormous power. 
The dictionary meaning of a turbine is a ‘ rotary engine driven by water 
or steam ’ but that definition will need to be modernised to include gas. 
A friend recently asked me to describe a gas turbine unit in twenty words. 
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It simply can’t be done, but I offer a simple analogy. You know that in 
tlie case of a water wheel driven by a rushing mill stream, power is taken 
from the shaft it rotates to grind com. And you will also be familiar with the 
reverse action, the paddle wheels of a steamer ; which in this case are driven 
by engine power applied to the axle-shaft. Note that in the first case the 
wheel is driven, in the other it drives. A compressor and a turbine are 
much the same save that a tornado of air does the work. In this case the 
so-called paddles consist of many curved blades disposed around the axle 
after the manner of a ventilating fan. In^gine then a series of these fans 
(the compressor) at the front end of a shaft and another series (the turbine) 
at the opposite end. They are all enclosed in a tubular metal casing. In 
the middle is a combustion chamber for the continuous burning of fuel 
and there you have, in effect, the turbo-compressor unit. 

How It Works 

“ The action is as follows : — Air is drawn in by the rapidly rotating 
compressor fans at the front and forced into the combustion chamber. 
Into the compressed air in this chamber, paraffin is injected and ignited, 
and the heat of combustion causes expansion so that the burning gases battle 
their way through the only exit, the nozzle leading to the second group of 
fans, that is, the turbine. In so doing the rapidly flowing gases, by impinging 
on the curved, or should I say cupped, blades, cause the whole mechanism 
to rotate at great speed. They finally discharge as an efflux, like a high 
speed jet from a fire hose, sufficient to propel the aircraft by reaction. The 
reaction is rather akin to the continuous recoil of a gun. 

“ You will have appreciated that once started it is the rapidly rotating 
turbine whieh drives the compressor. As on your car, starting, in the first 
place, is effected by an ordinary electric starter spinning the compressor 
to draw in air. An electric glow plug ignites the charge. When under way, 
efficiency is increased by the aircraft itself collecting a mass of air through 
the air inlet. Naturally the faster it goes the more air it scoops. This in 
itself explains why a jet-propelled aircraft excels at high speeds. 

Turbines for Shaft Power 

“ Having, I hope, explained simply the action of a turbine unit and made 
it clear that the axle shaft revolves very rapidly, it will be apparent that the 
unit is not only a means of providing a high speed jet of air. Alternatively 
it is possible to derive from the rotating shaft mechanical power to drive 
all sorts of meclianism, including the conventional airscrew. The prominence' 
given to the term ‘ jet propulsion ’ has tended to obscure other important 
possibilities. Jet propulsion for touring cars has recently been discussed, 
but such a development seems completely remote, as the rapid discharge 
of hot gas would be calamitous for fully twenty yards behind the vehicle. 
On the other hand, a similar form of unit adapted to produce sliaft horse- 
power in the way I have explained might conceivably find a place on roadf 
vehicles of the future. Perhaps naturally, there have been many discussions 
among car owners interested in engineering progress, but almost invariably 
tlie discussions centre upon jet propulsion rather than the units that produce 
tlic jet. Whether turbines will eventually displace the orthodox four-stroke 
reciprocating engine used in our cars and buses is a very different question. 
The fact that the turbo-compressor has no piston and no gear wheels, but con- 
sists of two components spinning merrily on a single shaft, means that 
it is almost vibrationless in operation, which is a solid advantage. It is 
appreciably lighter too and, being less complicated, maintenance work 
would be considerably reduced. Nevertheless, one fears that so far a« 
touring cars are concerned, the prospects are not promising. 
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“ Contradictory though it may seem I venture the opinion that the world’s 
speed record for cars could be comfortably annexed by a turbine unit. Thus 
if you should be an aspirant to world-wide fame as the fastest motorist on 
earth, the new gas turbine offers a quick opportunity when peace returns. 
Such a racing car need not scale more than half the weight of my friend 










Fig. 198. Suggestion of a possible type of turbine jet-propelled car for world’s speed 

records. 

John Cobb’s 3-ton vehicle which, fitted with two twelve-cylinder super-charged 
Napier Lion aircraft engines of a total of 2,500 h.p., covered a mile at 369.7 
m.p.h. Incidentally the small size and circular shape of the turbine will 
enable perfect streamlining of the body, a most important consideration 
when high speed is the aim. The whole problem in a nutshell is thrust 
versus drag. Since the girth is smaller the drag ellect can be reduced and the 
ratio of thrust to drag improved, with considerable benefit in speed. 

Problems With Small Units 

“ Just why, the listener may ask, is a turbine so distant a possibility for 
touring cars while its application to racing cars would place the world’s 
record within its grasp ? It is simply that the problem with turbines is to 
reduce the power they develop. That is quite the reverse of the usual state 
of affairs. To cut down the power to that required for a car entails a turbine 
unit of amazingly small dimensions with parts as finely finished as a watch 
and running at tremendously high speed. Imagine all the power you need, 
and more, from a tiny mechanism packed into a case no bigger than a large 
vacuun^ cleaner. At present tlie smallest practical units are of 400 to 500 h.p. 
It would be more simple to produce a unit of 2,000 h.p. 

“ Nevertheless, it seems logical to suppose that eventually this smooth, 
liglit, all-rotary power unit must supplant the relatively slow and heavy 
reciprocating engine for a number of transport purposes. For lieavy lorries 
and buses, needing high power, the chances of adoption are greater than 
for cars. In other spheres, the gas turbine may be used as a power plant for 
ships, driving through the marine propeller. On the Swiss Federal railway 
there is already one example of a main line locomotive driven by a 2,000 h.p. 
gas turbine. 

“ And now a few words concerning small gas turbines for aircraft propul- 
sion. Many people jumped to the conclusion that the day of the airscrew was 
passing. A view I hold is that future development may lead to the adoption 
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of airscrews or propellers driven by the turbine shaft, the jet from the turbine 
serving merely as an auxiliary means of propulsion. The inference is that 
the advent of the successful, relatively small size turbine engine may conceiv- 
ably prove to be even more important than jet propulsion itself. 

Turbine — Airscrew Plants 

“ Turbines thus challenge the supremacy of the orthodox reciprocating 
engine rather than the airscrew. Let me explain further. It happens that 
propulsion by jet reaction is particularly suitable for certain, but not all, 
types of aircraft. It is especially suitable for very high speed and very high 
altitude. At what are, to-day, normal flying speeds and normal altitudes, 
the screw propeller method of aircraft propulsion is more efficient. Take-off 
and climb are better with an airscrew. 

“ It follows that, in peace-time, the turbo-compressor unit driving an 
airscrew is likely to be more widely employed on civil aircraft than jet 
propulsion. As the turbine runs at very high speeds of rotation, it will be 
necessary to introduce some form of reduction gear to lower this speed to one 
suitable for an airscrew. With your car, the operating speed of the engine 
must be reduced through the gear box and the back axle gears to a suitable 
speed for the road wheels, say from five turns of the engine to one of the road 
wheels on top gear. With normal aircraft it is necessary to reduce the speed 
of the airscrew to about 1,200 r.p.m. from, say, 3,000 r.p.m. of the engine. 
The smaller the airscrew, the faster it can be arranged to run as the tip 
speed of the blades is the major governing factor. If the tip speed approaches 
the speed of sound, efficiency is impaired. Consequently, with a turbine 
of the 10,000 r.p.m. order, it would be necessary to utilise small multi-bladed 
airscrews to permit high speed of the airscrew and minimum reduction ratio. 
Now that we have successful ‘ contra-props,’ that is twin propellers rotating 
in opposite directions, a similar version of a much smaller diameter may 
conveniently be applied to a turbine. By increasing the number of blades, 
the diameter, and therefore the tip speed, can be further reduced, and so we 
get the airscrews nearer to the speed of the turbine, which simplifies the 
reduction gear problem. 

“ Talking of propeller speeds, I am reminded that when the late Sir Henry 
Segrave first proposed to run the single propeller of his record-breaking 
motor boat, Miss England II, at 12,000 r.p.m., that is some thousands of 
r.p.m. faster than any previous boat, he told me he was opposed by marine 
engineers, but he proved that high speed rotation was right for his purpose. 

“As a means of converting the latent heat of liquid fuel into mechanical 
energy, turbines are not yet so efficient as the highly developed reciprocating 
engine. The modern reciprocating engine has an efficiency of about 33 per cent., 
or, in other words, it gives out as useful power about one-third of the potential 
power which is contained in the fuel it consumes. On a turbo-compressor 
unit we, as yet, can only obtain an efficiency of 20 to 25 per cent. There- 
fore, fuel consumption is relatively high for a given power output. Against 
this it must be appreciated that the turbine operates on cheap low grade 
fuels, such as paraffin, and does not require expensive petrols. 

“ Small turbines are still in their infancy. There is much to be done by 
metallurgists in developing better heat-resisting steels for turbines which, 
incidentally, operate in a red-hot state. Chemical engineers will find better 
ways of burning the fuel, aerodynamicists will need to develop better profiles 
for the turbine blades, and mechanical engineers will devise improved methods 
of constructing these highly stressed parts rotating at extreme speeds. 

“ The whole prospect of future turbine development is intriguing. Grp. 
Capt. Whittle, in collaboration with Power Jets and the B.T.H. Co., has 
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paved the way for a new era in power generation. His achievement is one 
of immense interest and importance to this country, no matter whether 
aircraft, road or rail transport, or ships are considered.” 

Prior to tlie Record 

Prior to the world’s record attempt at Herne Bay, a talk on “Jet Pro- 
pelled Aircraft To-day ” was given on Oct. 10th, 1945, of which the following 
is a summary : — 

“How does Britain stand to-day in the development of jet-propelled 
aircraft, is a question I am often asked. The answer is that enormous strides 
have been made. Progress is extremely rapid. The best turbine engine 
one month is handsomely beaten in power output almost the following 
month. Half a dozen well-known firms vie one w4th another in evolving 
units of growing output. Already we are extracting double the power of 
original designs. 

“ It is abundantly clear that the gas turbine will soon replace the more 
complicated reciprocating or piston engine in all high-powered aircraft. 
Normal aircraft engines are similar in general eharaeteristies to a ear engine. 

“ The first service use of jet-propelled aircraft by the Allies was in August, 
1944, when the R.A.F. put the twin-engined Gloster Meteor into action 
against the German flying bombs, some of which they shot down. The 
first operation over Germany was by the same aircraft early in 1945. Before 
these events Germany had introduced single- and twin-engined jet fighters 
into combat. How do British and German jet fighters compare is actively 
discussed. Talking in the past tense, enemy jet-propelled aircraft were 
faster than ours but their engines were not so reliable, they were more com- 
plicated, heavier and relatively less ellieient than British types. 

“ Our orthodox fighters shot many of them down. To-day Britain has 
jet-propelled aircraft far and away sjieedier and more efficient than anything 
Germany ever produced. In the near future the actual aeeomplisliment 
will be olficially demonstrated by the II. A. F. as it is reported that an attempt 
on the world’s speed record is in preparation. 

“Originally the jirototype Meteor had K.-K. Welland turbines, each of 
which were 43 inches in diameter and gave a thrust of 1 ,700 lb. for a weight 
of 850 lb. In April, 1944, Rolls-Royce successfully flight tested a more 
powerful unit. Known as the Derwent it gave a thrust of 2,000 lb. for each 
unit, which scaled 920 lb. Still further improvement resulted in series 11 
giving 2,200 lb. thrust. The latest Uerw^ent V turbo unit, developing approxi- 
mately twice the power of the original engine, enables the Meteor to attain 
amazing speeds — without doubt the fastest ever accomplished by an aircraft 
of any nationality. 

“From April, 1948, when the first R.-R. Whittle type jet-propulsion 
engine passed its 100 hour type test to the present time, R.-R. have evolved 
and proved six different designs each better than its predecessor. I mention 
this in order to stress one great attribute of the turbine, that it is possible 
to design, manufacture and prove a new design within six months, 

“Think what this means to an aircraft manufacturer. He can step up 
power promptly by substituting a more powerful unit, and he can produce 
an aircraft of up-to-the-minute design with the knowledge that he will not 
be delayed by engine deliveries. With orthodox piston engines, it was 
frequently necessary for an aircraft constructor to wait upon the engine 
or propeller manufacturer, as the design and production of a multi-cylinder 
reciprocating engine is necessarily so slow. 

“Apart from twin-engined machines another most promising type of 
jet fighter is the D.H. Vampire, fitted with a single Goblin turbine engine, 
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also of de Havilland production. The only permissible observation of per- 
formance is that it handsomely exceeds 500 m.p.h. 

“ For air transport of the future the turbine engine is going to be very 
much in the picture. Economy in fuel consumption is being gradually 
but definitely improved as development proceeds and consumption, measured 
in distance covered, will not })rove a handicap in the future. 

“To sum up, British pioneers have made tremendous progress in the 
development of turbines. Wlien actual ^tpeeds of British jet-propelled air- 
craft can be oilieially quoted, the sceptics will be confounded I ” 

The Record Flight 

Appended is the B.B.F. radio comment made in November subsequent 
to the record of OOG.2.'5 m.p.h. (97.). 6 k.p.h.). 

“ Within four years of the first turbine jet plane; flying in this country 
a speed of over t(*n miles jier minute has been attained. Even the amazing 
s])eed of over 600 m.p.h. which was accomplished by the two Gloster Meteors 
can be improved upon when we have aircraft able to cope with the aero- 
dynamic problems encountered at a speed approaching that of sound. Not 
ail the ])ower of the Rolls-Royce Derwent engines could be utilised during 
the record run. When the Meteor airframe was designed it was never imagined 
that engines i)owerful enough to propel the machine at over 600 m.p.h. 
would be available so quickly. It is a great credit to the Gloster engineers 
that their plane designed for speeds in the region of 500 m.p.h. could be 
improved and strengthened 1o withstand the strains and stresses set up at 
600 m.p.h. and still remain controllable. During the record run observers 
noted that botli aircraft flew the course as steacly as a rock. The pilots, 
Grp. Capt. Wilson and Mr. Eric (iroenwood, set out from Manston airdrome 
in shirt sleeves as the close fitting cabin becomes so hot in flight due to high 
speeds. In the 16 minutes they were in the air the two engines of each plane 
consumed some 260 gallons of paraflin, roughly a thousand gallons an hour. 
Sueli a heavy eonsum])tion has caused surprise Init economy is not important 
in short record runs. Again, with jet propulsion the turbines are less efficient 
at sea level. At normal flying altitudes and particularly heights of 30,000 
to 50,000 ft. at which turbines fly successfully, fuel consumption will be 
greatly reduced due mainly to the cooler ambient air and reduced density 
of the atmosphere. 

“ The significant thing is that this great British record has set the seal of 
success upon turbine / jet propulsion. Elfieieney and reliability have been 
achieved and demonstrated to the world. The next important move will 
be to apply turbine j)owcr to civil aircraft and the large projected air liners 
to give us greater speed. That is a matter engaging the close attention of 
aircraft manufacturers. 

*4; ‘‘In the ease of a large air liner, four piston engines will weigh say four 
tons. A saving of two tons may be effected by installing turbine engines. 
But the weight saving prot'css does not stop there. No heavy propellers 
are required with jet propulsion. Because of that fact clearance for the 
propeller blades is not necessary and aircraft may therefore be designed 
with low, short undercarriages which again contribute to weight saving. Air 
C^omdre. Whittle's enterprise has given to the world a form of rotary power unit 
which suggests already that orthodox types of aircraft and engines will be 
revolutionised in performance, appearance and comfort in the course of two or 
three years. Turbine propelled aircraft will be faster in operation and easier to 
maintain and service. We bave the most powerful aircraft turbine engines in 
the world, indeed progress has been so rapid that their advantages can only be 
fully realised when new aircraft structures of advanced type are developed. 
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NOTABLE VIEWS ON TURBINE UNITS FOR AIRCRAFT 

PROPULSION 

T he prospects for turbine units, cither pure jet or airserew types, for the 
propulsion of future aircraft have in recent years been widely discussed 
throughout the aircraft industry. The publicly expressed ojiiriions of acknow- 
ledged experts are of value when attempting to estimate future development. 
The following extracts from various papers on the subject, presented by leading 
figures in the industry, are of interest as showing the trend of opinion. 

In a paper entitled “ Gas Turbines for Aircraft Propulsion,” read before 
the Derby Branch of the Royal Aeronautical Society, April 1945, Dr. S. G. 
Hooker, of Rolls-Royce, Ltd., made interesting comparisons between the 
performance and consumption of gas turbine compressor units and con- 
ventional pressure-charged reciprocating engines. He stated : The opera- 
tional limitations on a piston engine are R.P.M. and boost ])ressure, whereas 
the corresponding limitations on a jet engine are R.P.M. and jet pipe 
temperature — the former because of the very high stresses in the rotating 
parts, and the latter because of the strength of available materials at the 
high temperatures which are used. 

Let us consider a fighter aircraft fitted with a 1,000 h.p. piston engine. 
Such a machine, if of the Spitfire size and drag, will have a sea level speed of 
300 m.p.h., and consequently, since at this speed 1 b.h.p. equals 1 lb. of 
thrust, the thrust on the aircraft will be 1,000 lb., and the fuel consumption 
will be about 0.5 lb. per b.h.p., or per lb. of thrust |K‘r liour. A jet-propulsion 
engine of 1,000 lb. thrust will also drive this aircraft at 300 m.p.h., but at 
this condition its estimated fuel consumption will be about 1.3 lb. per lb. 
of thrust per hour, i.e., more than double that of the piston engine. 

Now let us consider what we must do in order to give this aircraft a 
sea level speed of 600 m.p.h. Since the power required varies as the eubt* 
of the speed, we shall require 8,000 h.p., even if the airscrew eilieiency still 
stays at 80 per cent. If it falls to 53 per cent., which is more probable, 
the power required will be 12,000 h.p., and such an engine will weigh at least 
12 times the weight of the original 1,000 h.p. engine. On the other hand, 
the thrust recijuired to double the speed of the machine is only four times as 
great, so that the jet-propulsion engine will weigh only four times as much 
as the original 1,000 lb. thrust engine. 

Fuel Consumption 

Piston engines tend to have a constant &j;)ecific weight per b.h.p., while 
for jet engines the weight per unit thrust should remain fairly constant. 
Comparing fuel consumptions, at 0.5 Ib./b.h.p./lir., a 12,000 h.p. engine 
will use 6,000 lb. of fuel per hour in order to produce 4,000 lb. of thrust, so 
its fuel consumption will now be 1.5 lb. of fuel per lb. of thrust, whereas 
the jet-propulsion engine should be approximately 3 .4. 

In other words, there is now very little difference in the fuel consumption 
of the two engines, and there is a tremendous advantage in size and weight 
with the jet-propulsion engine. In fact, whereas tlie 12,000 h.p. engine 
will probably weigh at least 20,000 lb. when complete' with airscrew and 
radiators (and would, of course, be prohibitively large for a Spitfire type 
machine), the jet engine will probably weigh not more than 2,000 lb., and 
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could be accommodated in a machine of approximately Spitfire size 

The moral of this is that at speeds in excess of 500 m.p.h. approximately,* 
the simple single-stage jet-propulsion engine is far better than the reciprocat- 
ing piston engine for aircraft propulsion, and is just as economical. Its 
overall fuel consumption is large simply because it produces enormous 
powers. 

At 300 m.p.h. the airscrew efficiency is double that of the jet, and this 
accounts to a large extent for the fact that the fuel consumption of the jet 
engine is more than double that of the piston engine at this condition. At 
550 m.p.h. the jet and the airscrew are equally efficient, and, since the jet 
is so much more simple and lighter than the airscrews, it follows immediately 
that jet propulsion must be best at this speed. This is not the whole story, 
however, because the airscrew is a heavy piece of mechanism, and its weight 
is associated with a certain drag on the aircraft. This drag must, therefore, 
be deducted from the useful thrust which the propeller produces. In addition, 
the airscrew blows a slipstream over the wings or fuselage of the machine, 
which again produces an adverse drag. Consequently, the practical cross- 
over between the airscrew and the jet occurs at a lower speed, probably in 
the region of 500 m.p.h. 

Lecturing to the Royal Society of Arts on “ High Speed Flight ” in 
February 1946, Dr. Hooker emphasised that for turbine- jets to have an 
application to civil aircraft they must fly as higli as possible, and cabin 
pressurisation will be necessary. Due to the forward speed of the aeroplane, 
the air taken into the machine is lieated up as it is accelerated from rest to 
the aircraft speed, and the heating effect is independent of altitude. 

An air temperature rise of 25 degrees C. occurs at 500 m.p.h., and as at 

1.000 m.p.h. the air is heated to 100 degrees C., it will be necessary to cool 
it. Pressurisation of the air also occurs, due to forward speed, and is 
equivalent to a reduction in altitude. At 500 m.p.h. this equals an altitude 
reduction of 7,000 ft., i.e., at .50,000 ft. altitude, the pressure is equivalent 
to 43,000 ft. 

A further consideration in cabin pressurisation is the humidity of the 
air. The temperature of the atmosphere at 50,000 ft. is —54 degrees C., 
and as no water vapour can exist at this temperature the air must be 
humidifled, a 60-passenger machine requiring 25 lb. of water per hour to 
maintain 50 per cent, relative humidity. Separate auxiliary motors will be 
required to drive the cabin blower as it must be independent of engine speed 
to maintain equilibrium in cabin pressure irrespective of altitude. 

As an example of what can be done, a Lancaster bomber fitted with 
Rolls-Royce Nenc engines would have an all-up-weight of 60,000 lb., a 
cruising speed of 400 m.p.h. at all altitudes up to 35,000 ft. Without increasing 
tankage, it would have a range of 1,000 miles at 30,000 ft. and 500 miles at 

10.000 ft. This, of course, could be improved by increasing fuel tankage. 
The four Nene engines fully installed would weigh approximately 8,000 lb. 
as compared with the weight of 12,000 lb. for four piston type engines, 
thus saving 4,000 lb. weight which is equivalent to 500 gallons of fuel. 
(In a later lecture he amended the unit weight figures to 7,000 lb. and 13,000 
lb. respectively). 

A range of between 500 and 1,000 miles is not good enough for all purposes 
and it will thus be necessary to build aircraft having a range of 3,000 to 

4.000 miles. Enlarging upon this, he said that provided they could cruise 
at 50,000 ft. and at a speed of 460 m.p.h., machines of 100,000 lb. all-up- 
weight, with a structure weight of 25 per cent., will have a range of 3,800 
miles. At 30 per cent, structure weight the range is reduced to 3,300 mileSg 
while the payload of 1 5,000 lb. remains the same in both cases. 

P 
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Passage Through the Sonic Barrier 

Dr. Hooker stated that information on the velocity of sound is extreihely 
scanty since it is impossible to test in wind tunnels at this velocity. By means 
of a curve he showed that the drag eoeificieiit increased four times between 
a Mach No. of 0.6 and 1.0, whereas once the velocity of sound is exceeded, 
the coefficient falls and appears to become twice its own speed value. In 
considering the thrust required to reach the velocity of sound at 40,000 ft. 
and using the “ Meteor ” as an example he showed that the engines 
would have to develop about 17,500 lb. thrust. Engines having such an 
enormous thrust are possible today, and in fact it will be necessary to have 
engines with this enormous thrust to obtain the desired rate of climb. 

Shortly after delivering the lecture abstracted above. Dr. Hooker spoke 
on the application of the gas turbine to aircraft propulsion before members 
of the Royal Aeronautical Society. He drew comparisons between the power- 
weight ratios and cruising performances of various aircraft, from which he 
adduced that, although improvements can undoubtedly be made in the 
streamlining of aircraft, it is clear that new advanced types will require a 
take-off power-weight ratio of the order of 4 : 1 if cruising speeds in the 
neighbourhood of 350 m.p.h. at the normal figure of 50 per cent, maximum 
power are to be achieved. 

After outlining the principal advantages possessed by the gas turbine 
over the piston engine, the lecturer observed that an engine of the Merlin 
category develops about 1,000 b.h.p. for an air consumption of 120 lb. /min. 
Hence each pound of air consumed per second yields 500 b.h.p. which, with 
an airscrew efficiency of 80 per cent., gives 400 thrust h.p. By contrast, 
the Derwent V jet engine on the world's record runs at 600 m.p.h. consumed 
tons of air/min., or nearly 86 Ib./scc. lender this condition the engine 
produced about 5,000 thrust h.p., i.e., about 00 thrust h.p. per pound of air 
consumed per second. 

Compression Ratio 

Our attack on fuel consumption for turbines must be made in increasing 
the maximum compression ratio of the cycle, and this can evidently be done 
by replacing the single-stage compressor by a two-stage, or a multi-stage 
axial compressor ; but at the same time, to get the full advantage we must 
maintain the overall compressor efficiency in conjunction with the increased 
compression ratio. As the compression ratio or tem})crature rise through the 
compressor is increased the efficiency falls, being 80 per cent, at 5:1 com- 
pression or 200 degrees C. temix^raturc rise, and 75 per cent, at 7 : 1 compression 
or 290 degrees C. temperature rise. Further, it would appear that whatever 
the efficiency of the compressor the maximum power per pound of air w ill be 
obtained with the temperature rise of 2.50 degrees C. which corresponds to 
a compression ratio of 6 : 1 , and thus it is clear that both maximum pow'cr 
and minimum fuel consumption w^ill occur at these values. 

Considering the effect of a two-stage compressor at 6 ; 1 ratio upon the 
performance of a jet propulsion engine having a static take-off rating of 5,5(M) 
lb. thrust, it can be shown that at 400 m.p.h. at 20,000 ft. the two stage 
engine achieves an improvement of roughly 14 })er cent, in fuel consumption. 

Also, let us consider the effect of combining both a two- stage compressor 
and an airscrew upon the performance of a gas turbine engine. The com- 
parison shows that at 400 m.p.h. at 20,000 ft. the jet engine produces 2,4(K) lb. 
thrust for a fuel consumption of 1.3 lb. fuel per lb. thrust per hour, whereas 
the compound engine produces 2,200 lb. thrust with a fuel consumption of 
0,67 lb. fuel/lb. thrust/hour, that is, the fuel consumption has now been 
practically halved. 
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As a matter of interest let us examine the performance of the compound 
engine at 300 m.p.h., since we know that at this speed lb. thrust and equivalent 
b.h.p. are identical. At sea-level the engine produces 3,900 b.h.p. with a fuel 
consumption of 0.58 Ib./b.h.p. At 20,000 ft. the figures are 2,500 b.h.p. 
with a fuel consumption of 0.56 Ib./b.h.p./hr., whilst at 40,000 ft. we have 
1,300 b.h.p. and 0.55 specific fuel consumption figures, which are very good 
indeed judged by the best of piston engine performances, particularly when 
one takes into account that there is no main engine cooling required on gas 
turbine engines. 

The examples given have all been worked out on the basis that the 
maximum combustion temperature at entry into the turbine is 1,100 degrees K 
(degrees Kelvin == abs. C.), and this temperature, said Dr. Hooker, is very 
close to the maximum which turbine blades of Nimonic 80 can withstand 
at the stresses of a modern gas turbine. Better turbine blade materials are 
in hand and recourse can be had to such devices as water cooling or air cooling 
of the blades, and under these conditions high combustion temperatures can 
be allowed. 

Importance of Flame Temperature 

Flame temperature has a very important effect upon the gas h.p./lb. 
air/sec. available in the jet pipe, i.e., an increase in flame temperature from 
1,000 degrees K to 1,300 degrees K more than doubles the power output of 
the engine for each pound of air consumed per second. Again, the optimum 
power occurs at about 250 degrees C. temperature rise through the compressors. 
The effect upon fuel consumption is no less marked and the specific consump- 
tion falls from about 0.65 Ib./hr./g.h.p. to about 0.53 Ib./hr./g.h.p. 

The incorporation of a heat exchanger can have a very great effect in 
reducing fuel consumption and, further, can allow the engine to be operated 
over a wide range of powers without appreciably affecting the specific fuel 
consumption, but since a heat exchanger must necessarily be rather heavy 
and bulky the additional engine weight will only be saved in terms of fuel 
if the range of the aircraft is sufficiently great. Calculations indicate that 
somewhat more than five hours’ flying must be done before a heat exchanger 
has paid for its own weight. In addition, the problems to be faced in its 
development make it the radiator j)roblem in excelsis. 

On the score of performance with jet propulsion. Dr. Hooker illustrated 
some rather entrancing examples. First, a Lancaster fitted with four Nene 
engines which gave the aircraft a cruising speed of about 400 m.p.h. at all 
altitudes up to 35,000 ft. At 10,000 ft. each engine will consume 430 gal. /hr., 
so that the air miles per gallon are 0.23. At 20,000 ft. the corresponding 
figure is 0.31 a.m.p.g., and at 30,0(K) ft. 0.43 a.ni.p.g. Admittedly these are 
low figures, but it should be remembered that four units of this type when 
fully installed only weigh a total of about 7,000 lb., whereas the present 
four Merlins fully installed weigh 13,000 lb. 

Further, jet fighter aircraft such as the Meteor, Vampire and Lockheed 
Shooting Star have drag figures very much lower than airscrew-driven machines 
of a similar category, e.g., tlie drag cocflicient of the Meteor is only about 
two-thirds that of the Spitfire, and figures for the Vampire are even better. 
Consequently, at a conservative estimate the previous figures of a.m.p.g. 
can, in actual fact, probably be increased by about 25 per cent., and in addition 
jet engines with a fuel consumption some 14 per cent, less than that of the 
Nene can be designed and made. 

So far as take-off is concerned the Lancaster w ith four Nenes will have a 
static take-off thrust of 20,000 lb., wdiich is considerably greater than that 
from four Merlins. 
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To consider another case, namely, the celebrated D.C.3* A cruising 
speed of 400 m.p.h. at 1,000 ft. and 5,000 lb. payload coupled with a range 
of 1,000 miles can be obtained at a take-off weight of 27,000 lb. using jet 
propulsion engines of about 6 : 1 compression ratio and a static thrust of 
6,000 lb. 

In consideration of the effect of altitude upon range the preceding 
figures for the Lancaster give an indication. But to analyse the effect in 
more detail he instanced a machine of about Spitfire size having a drag 
of about 1,000 lb. at 800 m.p.h. at sea level. For a sea level speed of 500 
m.p.h. a thrust of 2,400 lb. will be required, and the air-miles/gallon of the 
machine will be reduced to about 1.0. At 40,000 ft. the drag of the aircraft 
at the same speed of 500 m.p.h. will be reduced to about 800 lb., due both to 
the lower density of the air at this height, and also to the change in angle 
of incidence of the machine. Consequently, at this altitude the air-miles/ 
gallon will be about 4.0. In going from sea-level the thermal efFiciency of the 
engine is improved from about 18 to 25 per cent., and this improvement is due 
to the lower air-intake temperature to the engine and the consequent high 
compression ratio of the cycle. On the other hand, the propulsory efficiency 
of the jet has fallen from 64 to 58 per cent., due to the increased jet velocity 
at 40,000 ft. brought about by the increased thermal elliciency of the engine. 
Thus the balance is as follows : — 

Improvement in thermal efficiency of engine from 18 to 25 per cent., i.e., 
1.39. 

Reduction in propulsion efficiency from 64 to 58 per cent., i.e., 0.90. 

The overall improvement of the engine is, therefore, 25 per cent., but 
the range of the aircraft has actually been quadrupled. Hence the improve- 
ment in range of a jet-propelled machine at altitude is not so much due to the 
engine, but in the main due to the aircraft. 

In actual fact, at 40,0(K) ft. and 500 m.p.h. this machine does the same 
air-miles/gallon as a Spitfire, and consequently all the objections to jet 
propulsion can be overcome by flying high and fast. It should be clearly 
understood that jet propulsion is efficient at any altitude provided the speed 
is greater than 500 m.p.h. It should also be remembered that the higher the 
altitude the more efficient the aircraft. 

Commercial Aircraft Considerations 

At a special turbine session of the Royal Aeronautical Society Mr. R. M. 
Clarkson, chief designer of the dc Ilavilland Aircraft Co., discussed the 
effects upon the s])ecd and economy of commercial aviation of the two 
simplest and immediate variants of the gas turbine, the simple jet-producing 
turbine and the simple propeller-driving turbine. The accompanying tabic 


TYPE OF POWER UNIT 

INSTALLED U EIGHT 

•SPECIFIC CONSUMPTION 

DRAG— LB at 100 ft 'sec 

1. Piston — air-cooled 
radial type. 

2. Piston — liquid- 
cooled. 

3. Propeller - driving 
centrifugal gas 
turbine. 

4. Propeller - driving 
axial gas turbine — 
advanced type. 

5. Simple jet — centri- 
fugal. 

6. Simple jet — axial 
— advanced type. 

2.0 Ib./take-off b.h.p. 

2.1 Ib./take-off b.h.p. 

1.2 Ib./equivalent take- 
off b.h.p. 

0.75 Ib./equivalent take- 
off b.h.p. 

0.5 Ib./lb. static thrust. 

0..‘15 Ib./lb. static thrist. 

0.1-6 Ib./crmsing b.h.p./ 
hr. 

0.,53 Ib./cruising b.h.p./ 
hr. 

0.5 Ib./equivalent eruis- 
ing b.h.p./hr. 

0.45 lb. /equivalent 
cruising b.h.p./hr. 

tl.06 Ib./lb. static 
thrust. 

tO.OO Ib./Ib. static 
thrust. 

38 lb. per 8,000 take- 
off b.h.p. 

22 lb. per 3,000 take- 
off b.h.p. 

13 lb. per 3,000 equiva- 
lent take-off b.h.p. 

9 lb. per 3,000 equiva- 
lent take-off b.h.p. 

5 lb. per 5,000 lb. static 
thrust. 

0 lb. per 5,000 lb. static 
thrust. 


♦ At 300 m.p.h. unless otherwise stated. % (iives 0.56 Ib./equivaleiit b.h.p. at ,500 m.p.h. 
t Gives 0.65 Ib./equivalent b.h.p. at 500 m.p.h. 
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compares several different types of engines and gives an indication of what 
may be expected from turbine engines compared with piston engines. Mr. 
Clarkson explained that engine No. 1 is in being, No. 3 nearly so, and Nos. 4 
and 6 might be available to the operator within the period of five years to 
which he had limited his paper. The table gives general trends rather than 
precise engine capabilities and should be regarded as stages in a development 
programme. 

Inherent Simplicity 

On the subject of reliability, serviceability and maintenance he said, ulti- 
mately the gas turbine would be sup>erior to the piston engine, owing to its sim- 
plicity, but the operator would want to know what was meant by “ ultimately.” 

First cost was not one of the most important factors, but this should 
be relatively low, due to the inherent simplicity. 

The noise of a gas turbine was rather irritating, but he did not think 
it would be unduly troublesome to passengers. With a simple jet engine, 
low-frequency vibration was non-existent, but there was a very high-fre- 
quency vibration which might possibly become troublesome. On the whole, 
the vibration characteristics could scarcely be worse and might be better 
than those of the piston engine. 

On the subject of fuel, Mr. Clarkson said that besides providing greater 



safety from fire hazard, parallin ought to be cheaper than petrol. He took, 
for the purpose of the paper, petrol at 2s. per gallon and paraffin at Is. 4d. 
per gallon. 

The next step w'as to examine one or two representative types of aircraft 
when designed : (a) for piston engines and (b) for gas turbines. Taking 
first a medium-size twin-engined feeder-line type, Mr. Clarkson started with 
the following specification : Pay load with 500 miles still-air range at 5,000 ft. 
— 3,000 lb. ; seating 12 passengers and a crew" of two. Satisfactory com- 
pliance with A.R.B. safety requirements on a w^arm day. 

The following engine characteristics were assumed ; — 



PISTON ENOTNB 

TURBIN E— AIRSCREW 

Installed wl. per equivalent t .o. h.p. . . . 
CruisiuK speeitlc fuel eoncutnption 

2.4 lb. h.p. 

1.5 lb. h.p. 

0.4t) Ib./b.h.p./hr. 

0.52 Ib.y equivalent b.h.p./hr. 

Cruising coiiditiun 

50 per cent, of take- 
off b.h.p. 

90 per eenl. of take-off r.p.m. 

(72 per cent. t.o. power) 
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On these assumptions the aircraft arrived at will have the following 
characteristics : — 



PISTON ENGINE 

TURBINE- A1B80BBW 

All-up weight 

Installed power (take-off) 

13,500 lb. 

10,600 lb. 

2 ^ 700 b.h.p. 

2 X 550 equivalent b.v.p. 

Gross wing area... 

500 sq. ft. 

390 sq. ft. 

Overall span 

69ft. 

61ft. 

Wing loading 

27 Ib./sq. ft. 

27 Ib./sq. ft. 

Fuel for 500 miles ... 

141 gallons 

131 gallons 

Cruising speed ... 

185 m.p.h. 

215 m.p.h. 

Payload ... 

8,000 lb. 

3,000 lb. 

Ton-miles of pay load per gallon of fuel 

5.4 

5.7 

Ton-miles of pay load per hour 

248 

288 

First cost of eomplete aircraft 

Direct operating cost per ton-mile of 

£19,000 

£15,500 

pay load 

18.0d. 

9.4d. 


Direct operating cost includes the following items : — 


Fuel and oil 

Maintenance : 

l*etrol 2/- per gallon 4 6 per eent. for oil. 
l*araf¥in 1 /4 i)er gallon 4- 1 per cent, for oil. 

Airframe ... 

£1 10s. per aircraft flying hour per 10,000 lb. of air- 
frame weight. 

Engine 

£1 per aircraft flying hour per 1,000 take-off b.h.p. 
(for piston and turbine). 

Crew 

£1,600 per annum and 850 crew fl 3 dng hours per 
annum. 

Depreciation ; 


Airframe ... 

5 years' life with 26 per eent. residual value. 

Engine 

1 2J years’ life with 25 per cent, residual value. 

Insurance 

8 per cent, of the first cost. 

Interest on investment ... ' 

5 per cent, of the first cost. 

Passenger service, overheads, etc., are not included in direct operating cost. | 


The first cost of the airframe is taken at £2 10s. per lb. of airframe 
weight, and of the engine £4 per take-off h.p. Spares 20 per cent, of first 
cost of complete aircraft, l^tilisation 2,000 hours per annum. 

To carry the same pay load as the piston-engined aircraft, the turbine 
aircraft is 22 per cent, smaller, 18 per cent, cheaper, 22 per eent. lighter, 10 
per cent, faster, requires 21 per eent. less installed power, is 82 per eent. 
cheaper to run, and can perform 16 per cent, more work in a year. It is the 
substantial saving in power unit weight per horse power possible with the 
turbine which is the chief cause of these improvements. 

In the private-owner class of aircraft, with engines of some 150 h.p., 
he did not look for any significant improvement, but the jiractical advantages 
would be available to the private owner and would amply justify the intro- 
duction of the new prime mover. Ruggedness, low first cost and reliability 
ivould result in an engine of not very competitive economy and the huge 
gear reduction would tend to make the engine heavier and bulkier than might 
be expected. 

Skipping several intermediate stages, Mr. Clarkson turned his attention 
to the long-range type of Empire airliners. He referred to non-stop stages 
of 2,200 miles (against a 50 m.p.h. headwind plus a 450 miles’ allowance for 
reaching an alternative airfield), entailing a still-air range of t3,000 miles. 
For the purpose of investigation he stipulated the following design require- 
ments : Cruising altitude not less than 25,000 ft. ; take-off under tropical 
conditions not more than 1,500 yards to clear 50 ft. ; maximum wing loading 
for take-off 70 Ib./sq.ft. ; maximum wing loading for landing 55 Ib./sq. ft. 
A range of cruising speeds from approximately 300 to 500 m.p.h. was covered. 
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Empire Airliners 

For the 300 m.p.h. case he took an aircraft of 100,000 Ib. all-up weight 
with 150 ft. span and 1 ,800 sq. ft. of wing area. In passing to the higher cruising 
speeds, more power was installed, and all-up weights allowed to rise. Structure 
weights were suitably adjusted, and fuselage dimensions and passenger 
accommodation suited to the resulting pay loads. At the high-speed end 
reduction in span was found to be desirable, the wing area remaining un- 
changed. All the aircraft are cruised at 15 per cent, above the speed for 
maximum L/D at 50 per cent, of take-off power for piston engines and 90 



Fig. 200. Long-range Empire airliners. All-up weight 100,000 lb., ISO ft. span, 
1,800 sq. ft. wing area. The full plan view shows, on the port wing, radial air- 
cooled piston engines totalling 4 x 2,250 — 9,000 h.p. Power-unit weight, 17.5 
per cent, of a.u.w. Cruising speed, 280 m.p.h. On the starboard wing, 
axial gas turbines driving airscrews, totalling 4 x 2,550 ^ 10,200 h.p. Power 
unit weight, 7.5 per cent, of a.u.w. Cruising speed, 300 m.p.h. For the 
part-plan figures on the left are : Port wing, liquid-cooled piston engines 
totalling 16,000 h.p. Power unit weight, 25.5 per cent, of a.u.w. Cruising speed, 
370 m.p.h. Starboard wing, axial gas turbines driving airscrews, total 25,600 h.p. 
Power unit weight, 15.5 per cent, of a.u.w. Cruising speed, 425 m.p.h. 

In the view on the right, sweepback has been used, and the power units are gas 
turbines driving airscrews. Total power. 4x11,400-^ 45,600 h.p. Power unit 
weight, 26.5 per cent, of a.u.w. Cruising speed, 515 m.p.h. 

per cent, maximum revolutions (45 per cent, of take-off power) for turbines. 
Fig. 200. gives a rough idea of the size and weight of some of the power units 
installed at different cruising speeds. 

Of the commercial type of aircraft with simple jet engines Mr. Clarkson 
said that its high-speed possibilities made it most suitable for long-range 
work, but it was technically least suited to this duty on aceount of poor 
take-off thru.st and high consumption. Assisted take-off would be required 
and a certain austerity in passenger accommodation. Some acute problems 
might be encountered owing to the high Mach number. 

For operating from trans-ocean airports, wing loadings can be allowed to 
go up to 80 Ib./sq. ft. and take-offs to about 2,000 yards to clear 50 ft. 

Jet Propulsion and Military Aircraft 

At the same meeting, Mr. W. G. Carter, chief designer of the Gloster Air- 
craft Co. Ltd., Cheltenham, expressed the view that the association of gas 
turbines with aircraft designed to make effective use of the special character- 
istics of jet propulsion has brought the trend of development into a state of 
transition and uneasy experiment. Already speeds equivalent to a low-level 
Mach number of 0.80 have been recorded under observed conditions. This 
has been done by a standard tw’in-jet fighter not specially designed to 
accomplish speeds exceeding a low-level Mach number of 0.66. The general 
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handling qualities of the aircraft have been good, and although changes in 
the aerodynamic characteristics are just beginning to be noticeable these are 
regarded as moderate in effect and generally in line with predictions which 
had been made. It may, therefore, be possible to make more advanced 
explorations into the transonic region with similar twin-jet installations. 

The percentage increase in drag over the low-speed value, as shown by 
Fig. 201 gives a clear indication that the prospects arc there if successfully 
exploited. The curve is not necessarily an accurate representation, as the 
available thrust has yet to be calibrated in flight. Up to a Mach number of 
0.825 it may, however, be regarded as reasonably accurate, and the extra- 
polation beyond this figure is the best guess that can be made at the present 
time. 


Fig. 201. Increase of 
drag with Mach 
number. The dotted 
portion is the best 
extrapolation that 
can be made at 
present. 


0-65 070 075 0*80 0-85 0-90 

MACH NUMBER 

This curve provides a clear indication that the twin- jet arrangement belies 
somewhat the first impression that, because of wing nacelles, it may not 
be so favourable for speed development as compared with its counterpart, 
the single-jet fighter. The low-speed drag value of the twin will obviously 
be higher, perhaps as much as 50 per cent, higher, than the single-jet machine 
designed to satisfy the same general operational requirements. But per- 
centage increase in drag is the critical factor, and experience is beginning 
to show that wing nacelles do not greatly influence the rise in drag due to 
compressibility effects. Like the fuselage, they are three-dimensional bodies 
and, if precautions are observed to harmonise the associated airflow 
characteristics of wing and nacelle, there seems to be no reason to supjiose 
that flight velocities exceeding sonic conditions could not be accomplished 
with engines on the wings. 

The main concern with the twin- jet arrangement is to minimise the 
severity of buffeting effects due to turbulence. 

With engines installed on the wings, it may be possible to accommodate 
more thrust in terms of all-up weight than could be done with the single- jet 
fighter ; or a three-engined arrangement could be considered to get even 
better results in improving the thrust/weight ratio. This over-abundance of 
thrust, so far as fighter types arc concerned, is required for climbing perfonn- 
ance rather than for speed. As an indication of the trend in this direction, 
the Gloster Meteor now has a combined thrust of 7,()()() lb. At one time 
4,000 lb. thrust was looked upon as a reasonable provision for aircraft of 
this type, and a corresponding figure of 3,000 lb. good enough for the single- 
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jet machine. Now the outlook is that, however much thrust can be crammed 
in, it is unlikely to be more than can be used effectively, especially for climbing 
performance to great altitudes in the shortest possible.time. This has become 
necessary in order to intercept bomber or reconnaissance types which, with 
jet engines, will be able to cruise at twice the speed and twice the height that 
lias hitherto been possible. As climbing characteristics depend on the thrust/ 
weight value of the aircraft, the present trend of development will mostly be 
concerned with giving this the highest possible value. 

Reduced Frontal Area the Aim 

The outlook is that this can best be done by having two engines instead 
of one, but before this premise can be firmly established it will be necessary 
to provide jet engines giving much more thrust per unit frontal area than is 
obtainable from those having centrifugal compressors. These are inevitably 
bulky in terms of diameter as compared with the axial, and there is no room 
for corpulence in the jet fighter whether it is propelled by one or more jets. 
The Rolls-Royce Nene engine, rated at 4,,500 lb. thrust, is already outside 
the diameter limit for fighter-aircraft nacelles, so that the most significant 
comparison which can be made between various engines concerns their 
respective thrust value in terms of frontal area more than any other installa- 
tional feature. 

When the axial type is considered there seems to be no reason why the 
diameter should much exceed that of the air intake orifice. For the same thrust 
as the Nenc, this diameter will be about 27in. Some further increase is to 
be expected over the combustion chambers and, making allowance for this 
and for structural considerations, the effective nacelle diameter should not 
exceed 88 in., indicating a thrust value of about 750 lb. per square foot as 
compared with 400 lb. for the centrifugal engine. This may be an optimistic 
estimate, but if it can be done, the twin- jet fighter may well have an over- 
whelming advantage. 

These slim engines also provide the opportunity to consider their side- 
by-side installation in a fuselage widened sulliciently for this purpose, but 
the question of balancing the aircraft satisfactoiily becomes difficult with so 
much weight aft of where the centre of gravity is best positioned. The 
available s})ace to accommodate fuel is also severely restricted with this 
arrangement, while the problem involved in ducting the air supply to the 
engine is an embarrassing feature of the structural assembly. 

Alternative Engine Positions 

There is, of course, ample scope for considering other alternative arrange- 
ments, and it may be preferred to put the engines in nacelles forming part of 
the fuselage. This gets over the difficulty of balancing and provides room for 
plenty of fuel capacity between the engines. It introduces a difficult problem 
at the air intakes, and, if conditions here arc not good, the breathing capacity 
of the engine is compromised, and thrust may be reduced under high-speed 
conditions. One of the outstanding advantages of the twin-jet arrangement 
is that ducting problems do not have to be taken into account. 

Some curves given in Fig. 202. emphasise the outlook on climbing per- 
formance. Similar and comparable information concerning speed has not been 
included, as this aspect is more concerned with other features of design, 
such as aerodynamic refinement and special facilities to maintain precision 
control of the aircraft under all conditions. These matters relate to the uneasy 
experiments now rapidly coming into the aeronautical picture, but rates of 
climb may be very much further advanced before these formidable problems 
become too obtrusive. 
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The curve “ A ” represents a typical rate-of-climb performance for the 
Gloster Mark IV Meteor. This aircraft has a thrust/weight ratio of 0.5 and 
climbs to 30,000 ft. in five minutes. It represents about the best climbing 



Fig. 202. Typical climb performance of twin-jet fighters with two different values 

of thrust loading. 

performance for the present-day jet fighter. If a thrust/weight ratio of unity 
could be developed for a similar type of aircraft, rates of climb as shown by 
curve “ B ” would become possible. This can only be done by using axial- 
flow engines developed to provide a thrust of about 700 lb. per s(juare foot 
of nacelle frontal area. The climbing performance of one of these engines in a 
single- jet fighter would not be nearly so good. 

The alternative power installation for high -altitude interception would 
comprise rocket assistance. For this purpose, jet engines on the wings make 
it convenient to put the rocket combustion chamber at the rear end of the 
fuselage. As a type, the rocket-cum-jet interceptor combines the advantage 
of out-climbing the conventional jet-fighter, with the possibility of cruising 
facilities at the desired altitude. How far the trend of development may 
proceed in this direction depends largely on the extent it may be possible 
to improve gas turbine jet installations so that these can function satis- 
factorily without the need for rocket assistance. 

Compounding Turbine and Piston Aero Engines 

In March, 1946, Dr. II. R. Ricardo read a I^aper “ Turbine Compounding 
of the Piston Aero Engine ” before the Royal Aeronautical Society juid 
presented the case for combining a piston engine with a gas turbine. The 
gas turbine, he said, is inherently very greedy of fuel, but there are more 
complex forms of turbine at present in preparation which will be more 
economical in fuel, and it is with these more complex forms rather than with 
the simple types of the present day that the compound engine will have to 
compete. 

Clearly the efficiency of any heat engine is a function of the range of 
temperature it can usefully employ. The turbine is handicapped by the 
fact that the upper limit of the temperature range through which it can work 
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is in the region of 700 deg. C., while the flame temperature attained by the 
combustion of any hydro-carbon fuel in air lies between the limits of 2,200 
and 2,500 deg. C. To bridge this wide gap between the maximum temperature 
available and that which we dare use, four or five times the amount of air 
required for combustion must be supplied as a temperature dilutant. The 
conventional piston engine, on the other hand, can utilise the upper ranges 
of temperature but can make little use of temperatures much below about 
1,500 deg. C. Thus we have two forms of prime mover, the one eminently 
suitable for converting into power the heat available in the higher ranges, 
the other for conversion at the lower temperatures. 

Additionally, the piston engine is eminently suitable to deal with 
relatively small volumes at high pressure and temperatures, and the turbine, 
by virtue of its high meehanical efficiency and large flow areas, to deal with 
large volumes at low pressures. Clearly then the logical development is 
to combine the two, in series, to form a compound unit. Instead of lowering 
the temperature by pumping large volumes of dilution air at a heavy cost 
in blower work, let us lower it rather by converting the high temperature 
heat into useful power ; in other words, let us interpose between the blower 
and the turbine a dynamic rather than a static combustion chamber. 

In the combined plant we shall have available a considerable excess of 
air over and above that required for complete combustion, due to the gap 
between the minimum temperature of the piston engine cycle and that which 
the turbine can digest. The gap is such that we shall have to provide nearly 
2 J times the air required for complete combustion of the fuel, so we need not 
worry about thermal efficiency in terms of air consumed. Nor, so far as 
the piston engine is concerned, need wt worry much about efficiency in 
terms of fuel, for w'hat is lost in the cylinder by delayed or incomplete com- 
bustion w'ill be recovered in the turbine. We must, therefore, revise entirely 
our ideas on piston engine design. Our objective is now^ to develop an 
engine which shall offer the freest possible passage of air through its cylinder, 
and which shall be capable of burning the maximum possible amount of 
fuel per unit of cylinder volume. 

Two-stroke Engine Proposed 

In the first place, thanks to the excess air, we can employ a tw^o-stroke 
engine, and, tliercfore, a much smaller cylinder since a two-stroke engine 
can pass far more air than its cylinder volume defines. Again, we need not 
worry about sca\'enging efficiency and can use the simplest possible expression 
of two-stroke with piston controlled ports. Further, in view' of the fact 
that we cannot, in any case, burn all the air available, w^e can with advantage 
employ compression ignition in preference to spark ignition — for in the former, 
as in the turbine, we are compelled to provide some surplus air. The use 
of C.I. confers additional advantages : — 

1. We need not worry about maintaining specific relationship between fuel 
and air, hence control can be on fuel supply alone. 

2. We are completely exempt from the menace of detonation as the hotter 
the air, within limits imposed by lubrication, the better the combustion and the 
smoother the running. 

3. Fuels will be the same as those of the straight turbine. 

4. We shall be free of electrical ignition with all it implies in weight, radio 
interference, and potential sources of failure. 

The size of our piston engine wdll be determined almost solely by the 
amount of fuel we can burn under take-off conditions per litre of cylinder 
capacity per hour, and this in turn will depend largely upon the pressure at 
which we choose to operate our turbine. 

It would seem that the best all-round compromise will be to work at a 
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pressure of about six atmospheres absolute for the maximum power. Generally 
speaking, the higher the operating pressure the more will the burden of power 
production be thrown on the turbine, and the smaller the size and output 
of the piston engine. 


Efficiency of 40 to 45% 

With the component eiliciencies which we realise to-day, and taking 
fully into account the losses due to direct heat flow to the cylinder walls 
and the pressure drop through the engine cylinders, tlie overall efficiency 
from the fuel to the airscrew shaft of such a compound plant should lie 
between 40 per cent, and 45 per cent, when cruising at 15,000 ft. at 50 per 
cent, take-off power — this corresponding to a consumption of diesel oil 
of 0.3 to 0.34 Ib./shaft h.p./lir., rising to about 0.4 lb. under take-off 
conditions. Dr. Ricardo said these figures take no account of the additional 
jet thrust available, which would be there at all times as a bonus and, under 
some conditions, as a really substantial bonus. 

He went on to say : We come now to this conclusion : the combined 
plant will consist of a blower, preferably of the axial flow type with, perhaps, 
a centrifugal for the last stage, a very small and simple piston engine in place 
of the usual combustion chamber, and a gas turbine. Of these tliree com- 
ponents the piston engine will deliver, and the blower will consume, about 
the same power, while the turbine will deliver about 50 per cent, more than 
cither. With regard to the compound unit it is generally argued that the 
addition of a piston engine will involve a very great, if not a prohibitive, increase 
in both weight and bulk ; but to consider this aspect more closely, the actual 
capacity of the engine is determined by the amount of fuel which can be 
burned per hour per litre of cylinder capacity. Preliminary experiments 
with a simple valvclcss two-stroke cylinder, working with an inlet pressure, 
so far, of only 4.4 atmospheres absolute at 2,800 r.p.m. show already that we 
can burn between 50 and 60 lb. of diesel oil per hour per litre with a maximum 
cylinder pressure not exceeding 1,400 Ib./sq. in., and without running into 
any thermal troubles. W^hen, as we intend, we go up to a pressure of six 
atmospheres and higher revolutions we shall be able to increase this figure 
to about 80 lb., but to be on the safe side let us assume that the weight of 
fuel burnt will be 64 Ib./litre/lir. under take-off conditions. If, now, the 
overall specific consumption under take-off conditions is 0.4 Ib./b.h.p./lir. 
then the net power output of the complete plant will be 160 h. p./litre of piston 
engine. 

As to weight, the current weight of aero engines working at smaller 
maximum pressures, when stripped of their supercharger, ignition equipment, 
and such auxiliaries as will form part of the turbine plant in any case, is 
between 40 and 45 Ib./litre. Valvelcss engines should be considerably 
lighter, but let us take the weight as 40 Ib./litre. The weight then of the 
piston engine in the combined plant should work out at about 0.25 Ib./shaft 
h.p. By no means all this weight is additional, for it must be remembered 
that the engine replaces the combustion chambers. Further, since the mass 
flow of air will be approximately halved, the blower, turbine, and all the 
ducting will be correspondingly lighter and smaller. Moreover, nowhere 
except inside the engine cylinder will the pressure exceed, say, six atmos- 
pheres absolute. As an illustration, an engine of the same cylinder capacity 
as the old Bristol Mercury should suffice for a net output of 4,000 shaft h.p. 

Range and Fuel Econonay. 

A lecture by Air Commodore F. R. Banks, on the subject of Power 
Units for Future Aircraft, was delivered before I’Association Fran 9 aise 
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des Ing^nieurs et Technicicns de I’Aeronautique (AFITA), in April, 1946. 
Brief extracts are appended. 

Aircraft of extreme range, say, 10,000 miles, or having a radius of action 
of 3,000-5,000 miles, are necessary for certain military purposes, but he could 
not see the gas turbine filling this need for some seven to ten years. Even the 
piston engine, for a range of 10,000 miles, must be developed to give consider- 
ably better fuel economy than it now does. He was thinking of the present 
cruising fuel consumption of 0.45 Ib^^/b.h.p./hr. and, in some cases, 0.41 
Ib./b.h.p./hr. To obtain a reasonable payload, and to avoid oversize aircraft, 
built mainly to accommodate the fuel, a cruising fuel consumption of not 
greater than 0.35 Ib./b.h.p./hr. should be the target. 

To achieve a fuel economy of this order some form of “ compounding ” 
is necessary to give a higher expansion ratio to the working cycle of the 
engine. . . . There is a case for the two-stroke engine, but only if compound- 
ing is employed to make full use of the exhaust-gas energy. By this means, 
a high degree of economy can be achieved, and a cruising fuel consumption of, 
say, 0.37 Ib./b.h.p./hr. is possible with a gasoline two-stroke/turbine com- 
bination and of about 0.32 Ib./b.h.p./hr. for a similar combination arranged for 
compression-ignition heavy-oil operation. . . . 

The specific weight of a simple turbine-jet engine is about 0.3 lb. per lb. 
of static thrust. Turbine-airscrews will have somewhat higher weight, 
between 0.75 lb. and 0.90 lb. per equivalent shaft horsepower. 

Gas turbines work on the “ constant pressure ” thermodynamic cycle. 
And this can be demonstrated more clearly by a temperature/entropy diagram 
(Fig. 203). Referring to the diagram ; the full line (0, 1', 2', 3', 4', 5') represents 
the theoretical cycle, assuming no losses. Atmospheric air, in a condition 
represented by point o, is raised in temperature and pressure to conditions 



Fig. 203. Thermo- 
dynamic cycle for 
the gas turbine. The 
dotted and solid 
lines indicate the 
cycle with and with- 
out thermodynamic 
losses respectively. 


corresponding to point 1' by the effect of “ ram.” Point 2' is reached after 
the air has passed through the compressor. From 2' to 3' heat is added at 
constant pressure, in an amount proportional to the temperature difference, C. 
The gas is then expanded from 3' to 5' where the pressure is, again, atmo- 
spheric. 

The energy available in the expansion is proportional to the temperature 
drop from 3' to 5'. A proportion of this energy 3' to 4', equal to 1' to 2' 
is required to drive the compressor. And the remaining energy, 4' to 5', 
proportional to A, may be used, in jet form, to propel the aircraft, or some may 
be converted into shaft power by means of a turbine. 
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(B) (F) 



Fig 204. Output per unit rate of air flow and specific fuel consumption for the 
simple jet (B) to (E), and the airscrew-turbine unit (F) to (J) (B), (H) and (J) refer 

to sea-level static conditions, and (C) to (G) are for 800 km /hr (500 m p h ) 
(I.C A N ) at the tropopause (36,000ft ) Temperatures are in degrees C. absolute. 
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The actual cycle, with losses taken into account, is shown by the dotted 
line (0, 1, 2, 3, 4, 5). With the same input of work into the compressor, 
the resultant pressure at 2 is lower than 2', and, because of this lower pressure 
ratio, also, due to the losses during expansion, the available energy in expan- 
sion, 3 to 5, is much smaller. The work required to drive the compressor is, 
however, unaffected and, consequently, the useful net energy available, 
4 to 5, proportional to B, is much reduced. The thermal input for both the 
cycles shown is proportional to C. Therefore, the thermodynamic efficiency 

.A " B 

of the cycle, with no losses, is ^ and, with losses, is 

The diagram shows the great importance of achieving low losses in the 
compressor, turbine and combustion chamber to obtain good efficiency in the 
gas turbine as a whole. 

The temperature/entropy diagram may be used to illustrate the effect 
of increasing compression ratio and gas temperature at the inlet to the turbine. 
In Fig. 204. (B J,) some results of calculations on these effects are shown. In 
the case of the turbine-airscrew, it will be seen that, as the turbine inlet 
temperature is increased, the specific consumption decreases, and the specific 
output rises. As the pressure ratio is increased, at a given turbine inlet 
temperature, the specific consumption passes through a minimum and the 
specific output through a maximum. But it will be noted that these two 
optimum points do not occur at the same pressure ratio. This is particularly 
marked in the curves for 800 and 1,000 deg. C. absolute, and is due to the 
increasing effect of losses in compression and expansion which offset any 
thermodynamic gain. 

The effect of pressure ratio and temperature on the performance of simple 
jet engines, shown in Fig. 204 (B-E), is complicated by the additional factor of 
propulsive efficiency. The specific thrust varies in approximately the same 
way as the specific power output of propeller turbines. The specific con- 
sumption, however, generally rises as the temperature increases. This is 
the result of decreases in propulsive eiliciency, which occur when the jet 
velocity is increased. 

At any given temperature there is an optimum pressure ratio, which is 
shown most definitely on the curves for 800 deg. C. absolute. But, for 
temperatures now used, this occurs at a large value of the pressure ratio 
which is above that giving the maximum thrust. 

The curves have been constructed for the following conditions ; — 


(’ompressor polylropk* cfTieiency 
( ompressor turbine overall cftk*icnc> 

Jet pipe expansion efticiency... 

Power turbine effieieney 

Assumed propeller eflieiency at sea level . . . 

at tropopause 

Kquivalent jet brake horsepower at sea-le\ el static 
Combustion eliamber pressure loss in Ib./sq. in. ... 


= 87 per cent. 
= 87 
- 95 

= 88 „ 

- 75 
~ 74 

=- jet thrust 


2.5 

= 2 \ relative 
atmospheric pressure. 


Following these considerations, Fig. 205 sliows characteristic curves 
of fuel consumption against thrust at different speeds from sea level to 
(approximately) the tropopause ; for (a) a simple jet engine of the “ Whittle ” 
type and (h) a turbine-airscrew having two compressors, in series. 

To give some idea of the working conditions inside a simple jet engine at 
normal maximum speed, sections through one combustion chamber of 
the Rolls-Royce ^‘Derwent” engine are included. Representing a typical 
“ Whittle ” type, they show particular conditions existing throughout its 
system when it is running. (Fig. 206.) . . . 

In order to design compact and light turbine engines, it is necessary to 
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obtain the largest output of work per stage of both the compressor and the 
turbine. It is also necessary to have the highest flow rates possible, in order 
to obtain an engine of minimum total cross-sectional area. To achieve 
this, high flow velocities through the components are required, extending well 
into the compressibility region. In addition, high blade speeds are desirable, 
but this obviously leads to high stresses. Consequently, the design, as in all 
mechanical engineering, must be a compromise ; which, in this case, is one 



Fig. 205. Characteristic fuel consumption/thrust curves at speeds from 200 to 
600 m.p.h. at sea level, 20,000 and 40,000ft. (I kg. = 2.20 lb.). 

between the stressing of the turbine and its blading and the maximum flow 
velocities or Mach numbers which can be obtained without any appreciable 
loss in efliciency. 

When referring to stresses, it is the British practice also to specify a 
value for the gyroscopic loading which must be allowed for in the design of 
the turbine, to meet the aircraft manoeuvring conditions. This figure is 
3.5 radians per second. 

The gas turbine is a “ full-throttle ” engine and normally runs at or 
near maximum conditions. It has, therefore, the characteristics of such 
engines and the power falls off from sea level to altitude. The turbine is also 
critical to air-inlet temperature and it is very important to ensure that, when 
meeting a new aircraft requirement, allowance is made for the take-off and 
climb conditions in hot climates and also, under similar conditions, from 
high-altitude airfields. 

There has been considerable difliculty in maintaining stable combustion 
conditions at altitudes around 35,000 to 40,000 ft., and the flame has extin- 
guished itself at about these altitudes (rich mixture blow-out). There has 





Variation of pressure (I kg sq cm 14 22 ib sq. in ) 



1 07 O 67 (REL) 0 94 (REg 


Variation of Mach number 



t/so cm 


Principal stresses in the moving components, ft tangential 
stress at the impeller bore (12 28 tons sq. in.), fr radial 
stress in the turbine disc (fr max 15.49 tons sq in.), 
fts the radial stress in the disc rim between blade root 
fittings, fb the gas bending stress on the blades (3.39 
tons sq. m.). fc - the centrifugal stress on blades. 

Fig. 206. Working conditions in a Whittle-type turbine-jet unit. 
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also been failure to relight after stopping the engine. The real eause, or 
causes, are obscure at the moment, but, in his opinion, it is mainly 
due to ineffective distribution of tlie fuel in the available oxygen (air) and the 
difliculty of initiating combustion in over-rich zones of mixture and at ex- 
tremely low barometric pressures (200 mm.Hg). II(‘ thought that tlie 
vapour pressure and/or the volatility of the fued will be found to have con- 
siderable influence on this ])henomenon. 

Hate of Pitch Change 

The turbinc-airserew may ])resent some dillieiilty in damj)ing out the 
airscrew noise because, unlike the piston engine, the turbine ^^ill cruise near 
to its maximum re\olutions and the airscrew tip speed ma> therefore be too 
high for })assenger comfort ; unless the airscrew can be designed to gi\e a tip 
speed, at cruising conditions, of 650 feet /second (the accepted tip speed for 
reasonable noise le\el) and still retain a good propulsi\e enicienc\ . 

It is estimated that the rate of pitch change, at conslant-spe(*ding condi- 
tions, for airscrews fitted to gas turbines should he about three times greater 
than the present rates for })iston engines, i.e., from, apjjro\iinatel\ , 5 degrees 
per second to 15 degrees per second. The reason for this is, that the sj)eed 
])ower eharaeteristie> of a gas turbine an* such that th(‘re is a \ rr} large incn'ase 
in power over a narrow^ speed range as maximum speed is a})proached. Since 
airserew' turbines will cruise somewhere in the n^gion of 00 p(*r c(‘nt. of maxi- 
mum re\olutions, close control is considered essential in order to eo])e with 
large pow’cr differences. 


Proposed Four-Jet Airliner 

The designer of the I). II. (loblin and (diosl. Major F. 11. Halford, read 
a paper on jet pro])ulsion for ei\ il aircraft befon* th(‘ K()\al Society of Arts 
and described the features of an imaginar\ airliner that could be built during 
the next ten years, the time depending upon the nnai and mone\ d{‘\oted 
to such a dcxelopmeiit. lie quoted an all-up weight of 100,000 lb. and 
maintained that it was quite impossible to split the aircraft and its pow(‘r 
})lant into two separate ])roblems. Four units a])])eared to be the ideal 
number, and with regard to the selection of the jet units themsehes he said : 

‘•At, say, 40,000ft., the aircraft in \iew needs a total thrust ot 10, *200 lb. 
to projiel it at its selected cruising speed. This means that each of the four 
units must be designed to give a thrust at 10,000ft. of 2,550 lb. for the* 
minimum possible fuel consumption. Hearing in mind what has been 
accomplished to date, and allowing for improxements which can itasonably 
be expected in the near future, I suggest that the following design target 
figures need not be considered unreasonably optimistic for a jet engine 
cruising, say, at 40,000ft. at 600 m.p.h. 


Expansion rat lo . . 
toinpressor ellieiene> 

Combustion chamber • drag ’ ( llic k'iicv 
T urbine effieiencx 
Sjieeific fuel <*onsuinptioii 


15:1 

.85 per cent . 
t)5pereenl. 
JM) per cent. 
0.88 Ib./hr./lb. ttmist.’' 


On the subject of the take-off possibilities of such a unit Major Halford 
said : “ Here we come up against a rlesign ‘ critical.' It has become common 
knowledge that one of the main diflieulties which faced Air Commodore 
Whittle and pioneers of the gas turbine was the lack of suitable materia] for 
the turbine blades, which have not only to operate in gas temperatures of 
over 600 deg. C., but which are, at the same time, subjected to centrifugal 
and bending stresses of high rirder.” 

‘^%or take-off purposes we do not mind if the specific fuel consumption 
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increases ; all we want is the highest thrust in order to reduce the take-off 
run to the minimum. In a given turbine this would depend on what 
temperature we dared to run the turbine blades, and for the turbine we have 
in mind I think a maximum blade temperature of 850 deg. C. — corresponding 
to a gas temjierature of 1,000 deg. C. at entry to the turbine — should be 
obtainable by 1950. 

The temperatures mentioned wwld ensure a maximum takc-oif 
thrust from each of the four ])ower units of 15,00011).*’ 

A seh(‘matie drawing of the imaginary jet unit is illustrated as Fig. 207. 
The diameter is 5ft., length 17ft. and the weight 0,000 lb. \ nominal static 
thrust of 12,000 lb. should be de\ eloped at 0,200 r.]).iii. at 800 deg. C. before 
the turbine, and at 1,000 deg. i\ before the turbine the take-oif thrust should 
be 1 5,000 lb. The 1 t-stage axial-flow eompressor w^ould be dri\ en by a 3-stagc 
turbine developing a maximum of 28,500 h.]). 



Fig. 207. Major Halford’s suggestion for an axial-flow jet propulsion unit with a 
take-off thrust of 15,000 lb at 1,000 deg. C before the turbine and a nominal static 
thrust of 12,000 lb. at 800 deg. C before the turbine. The weight would be 
6,000 lb. diameter 5ft. and length 17ft. 
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ROLLS-ROYCE 

The foremost designers 
and eonstrnctors of 
Jet Propulsion Engines 
in the World. 


IIEVD OFFICE: 

TtUphone : 1 K il)\ I 

Tdegmms ' Ko^caI Dtiln 

LONDON OFFICE : 

Tth phone: ’Ma\fau (>201 
Tchgrotns . Rolhead, l*icc\, London 
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UP WITH THE LEADERS 



with 


Combined Fuel Booster Pump and 
Inverted Flight Valve to ensure con- 
stant fuel supply under all conditions 
of flight 

Products for reciprocating engines 
include a full range of Pumps for Fuel 
Boosting, Cabin Heating, Water Meth- 
anol Injection, etc , also Non-Return 
Valves 



SBiF-PRINlNG PUMP Ik ENOINEERiNC CO. ITD. • SLOUOH • BUCKS 



The INSULATOR of the 



PLUG 

IS made ot 

SINTOX 

the world’s hardest ceramic 
(oi the same hardnes!» as sapphire) 

Nothing but diamond is 
harder and it will cut glass. 



This perfea insulator is 
made solely m the Lodge 
plug factories 





Pink m colour it possesses 
the highest msulatmg pro- 
perties, IS a most efficient 
conductor of heat, and is of 
astonishing mechanical 
strength 

No other make ot plug 
in the world enjoys the unique 

advaatagesof "SINTOX" 

msulation which is exclusive 
to 
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DEMAND Supreme Performance 
from the Vital Components 

Tecalemi'T' 

FUEL & OIL 

FILTERS 

AND MICRO METERING 

PUMPS • 

have been selected as standard equip 
merit by designers of the famous engines 
named below 

ROLLS ROYCE ‘DERWENT* ‘NENE* & ‘DART’ 
DE HAVILLAND ‘GOBLIN’ and ‘GHOST* » 
BRISTOL • ‘THESEUS’ 


ARMSTRONG-SIDDELEY ‘MAMBA’ and ‘PYTHOM’ 



T 14P 
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“Bristol” 

fias 

Turlines . . . 


The Theseus 


The 2,000 B.H.P. ‘‘Bristor’ Tncseus is the 
first of a family of “ Bristol ” gas-turbine units for 
which the primary objective is the attainment 
ot the highest possible thermal efficiency consistent 
with reasonable weight and bulk. Tne first unit 
satisfactorily to pass its tests, the Tneseus follows 
design principles whereby the greater proportion 
of the power output is used to drive a propeller and 
the residual thrust is utilised in the form of a jet. A 
unique feature of this engine is the provision of 
a heat exchanger by which means a fuel con- 
sumption comparable t3 that of a reciprocating 
engine is obtained. 


The Froteus . . . this Bristol ” Gas turbine, now in course 

of development, is the power unit which will be 
used for the second prototype of the “ Bristol ” 
Type 167 (often referred to as the Brabazon i). 
Details of other “ Bristol gas-turbine units now 
undergoing development and tests will be released 
shortly. 



TED 

703B 



OiSC MATSWA'- 
IS 

glMS^ 

..jT^nr 

>.»»'• .“• 

Great Britain ot AU 

Gas Turbine Discs. 

,p.50P & SONS LTD. ^^^pan.es 
WILLIAM K B.S-A- Group « 

One of 
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® from their wide range of heat- 

and creep-resisting steels 


JESSOP'S 

OFFER 



Orders may 
be placed for 
all types of 
blades with 
confidence in 
Jessop Steels 
and the com- 
bined techni- 
cal resources 
of the B.S.A. 
Group. 





WILLIAM JESSOP & SONS LTD. SHEFFIELD 
One of the B.S.A. Group of Companies 
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COMPLEX CENTRIFUGAL CASTINGS 
| - FOR HIGH TEMPERATURE SERVICE 

^ .zor CM rmM 
k A ^ mm 


s/^fhe/r 

m/i/m 

MZCm/SM 




I 'i f 




I »> 

.%-Zd 


^•'.K 

f ■'// ■ 









j 


DAVID BROWN 

V SONS (HUDDERSFIELD) LIMITED 

PENISTONE WORKS 

PENISTONE NEAR SHEFFIELD 


fZi #/J 


INDUSTRY AIRCRAFT MARINE AUTOMOBILE 
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)armstrong siddeley 

PYTKOM 

I One of the most powerful aero engines in the world 
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. ^ RO' \ 

W' 




AGAIN 

PIONEER 

DEVELOPMENT 



Since the earliest days of the 
i development of the Whittle 
^ Jet Propulsion Unit, R&M 
have been privileged 
\ to co-operate with 
WlHA designers in 

1^1 lilMl ^upply''^9 bearings 
J that would meet 

the strenuous con- 
ditions demanded. 


HaEsIliRLES tlElRK on TRENT 


BEARING CO LTD 


ENGLAND 
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.„n lllf P®" 


openwt*''” \ „ A>‘"o’-0«“' 

I' -'“I!” 


Cod-iP"'""' .nd« aiom P*- 

°' M' Wn..Ks«^ ,,e,v PCPPP-’ 

" ' „ , J W»P« '"' ’’“'‘’"'■^dv to to''' °” 

r.., ihL OtjV' 





lfl4/iathm 


,vtor ..'''r«>',fr‘NA«t"">'' 
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K\ 


rcR 


^FT 


Ll 


IT£^ 


R E ^ 


plNG 


• N G E 





\ Since meir inception, 

\^all Britisn Jet - Propelled 
AirCTaft hava been fitted with 


DDrNLOP 

TYRE^; WHEELS 

AND J^AKES 




DUNLOP RUBBER Co. Ltd., Aviation Division, COVENTRY 
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THE STAIIVLESS 
SPIIVIVINC; WORKS 


Specialists in the production of spinnings for 
Jet Propulsion, and Internal Combustion 
Engines, and kindred trades in 

STAINLESS STEEL, 
DURALUMIN, MONEL, 
NIMONIC and all 
NON-FERROUS METALS 


• 

We also produce spinnings for Hospital and 
Laboratory Equipment, and general spinnings 
up to 6 ft. dia. 


THE STAINLESS 
SPINNINC; WORKS 

56, CT. HAMPTON ST., 
BIRMINGHAM, 18 
Phone: NORTHERN 2789 
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RESEARCH 


COHTRIBUTES TO WORLD SUPREMACY 
OF BRITISH GAS TURBINE ENGINES 


FUEL 

a STARTING 
SYSTEMS 


BAROMETRIC 
PRESSURE CONTROL 

BURNERS 


TWIN 
FUEL PUMPS 

STARTER 


THROTTLE VALVE 


HIGH-PRESSURE 
SHUT-OFF COCK 


COMBINED 
PRESSURISING VALVE 
AND DUMP VALVE 



COMBUSTION EQUIPMENT 

Complete Combustion Assem- 
blies, Exhaust Unit Assemblies, 
Jet Pipes, etc 


ELECTRICAL EQUIPMENT 

Starter Motors, Control Panels, 
Switchgear, Torch Ignition, 
etc 



DESIGNED • DEVELOPED • MANUFACTURED 

JOSEPH LUCAS LTD. BIRMINGHAM 19 |j 
ROTAX LTD. willesden. London nwio 
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FIRTH-VICKERS 

STAINLESS 

STEELS 

FOR THE FOLLOWING VITAL DETAILS 

Coolin9 Air Manifold. 

J»t Pip# Casings. 

Tha majority of tht sheat 
matal work comprising the 
exhaust unit, e.g., inner 
and outar axhaust cones, 
fairings, ate. 

f/1 


HR rn VICKERS STAINLESS STEELS LTD SHEFFIELD 


Turbina Shroud Ring. 
Turbina Labyrinth Saal. 
Noizle Guida Vana Support 
Rings. 

Discharge Nozzla. 

Discharge Nozzla Support 
Rinqs and Planqas. 




HIGH ALTITUDE 
HIGH* SPEED 

DEMAND 

PRECISION. 



by employing diamond tools for 
fine turning, boring, wheel dressing and profiling 

SHAW’S 

DIAMOND TOOLS, 

relied upon for more than a century, are 
technically advanced to assist up-to-the-minute 

practice. 

A. Shaw & Son., 

Waterloo Works, Waterloo Rd., 
North Circular Rd., London N.W.2. 

Telephone ; Telegrams : 

GLADSTONE 1171 (2 LINES), SCINDERE, PHONE, LONDON. 
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ON THE ROLLS-ROYCE 


NENE 




Fibilicr Beaiin^s Co. Ltd , H^olveiliampton, AssoLuitid iiitli Biitidi Timken Ltd. 
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«> 

GAS TURBINES 

for 

JET PROPULSION 



The F2 4 Jet Propulsion Engine 

• HIGH EFFICIENCY 

• SMALL FRONTAL AREA 

• SOUND CONSTRUCTION 


Pioneers in Great Britain of Axial Flow 
Compressor Type Gas Turbines. 
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THE LATEST JET ENGINES 



STAMPINGS 



HON STAMPINGS LTD,. CARBROOK . SHEFFIELD 
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ERA 

heat RESISTI1V<> 
STEELS FOR 
lET PROPULSIOIV 



No. 310 
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BACKGROUND TO ACHIEVEMENT 



Scarcely a British plane takes to the air without the assistance of BTH From the 
pulsiting matrnet wi»h its vital spark to the tiny Mazda lamp on the control board BTH 
has contrib ted a generous quota to flying efhcienc) Included m this electrical equipment 
are A C and D C Generators Motor alternators Rotary G>n^ erters Amplidyres A C 
and D C Motors Gearboxes and Gears Engine Starters Actuator Mechanisms Electron c 
and other Control Gear Speet^ Indicators Speedometer Calibrators Compressors etc 

BTH Electric Dynamometers are used for Aero engine and Supercharger Testing 

BTH Research has contributed much to the efficiency of the air arm in combat and 
defence and especially in the development of Air Commodore Whittle s jet engine work on 
which was commenced in the BTH gby factory as early as 1936 The first succes«ful 
flight of an aeroplane fitted with this engine was in May 1941 


BTH 


RUOB^ 


THE BRnihH THOMSON HOUSTON COMf ANY LIMITED RUGBY ENGLAND 


I A 104 
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HOFFMANN 
BEARI NCS 

H 5^0 r Aircraft 


FOR ALL POWER 
AND CONTROL 
POSITIONS 



The HOFFMANN MANUFACTURING Co. Ltd., CHELMSFORD, ESSEX 





